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C om puta tions have  been  p e rfo rm ed  t o  s im u la te  tu rb u le n t  
supersonic, transon ic, and subsonic flows p a st th ree -d im en sio n a l deep, 
t r a n s i t i o n a l ,  and shallow c a v itie s . Simulation o f these  s e l f  sustained 
o sc illa to ry  flows have been generated through time accurate so lu tions o f 
R eynolds averaged f u l l  N avier-S tokes eq u a tio n s  u s in g  th e  e x p l i c i t  
MacCormack scheme. The Reynolds s tre sse s  have been modeled, u s in g  th e  
Baldwin-Lanax algebraic  turbulence model with ce r ta in  m odifications. The 
com putational r e s u l t s  in c lu d e  in s tan tan eo u s  and tim e  averaged flow 
p ro p e r t ie s  everywhere in  th e  computational domain. Time se r ie s  analyses 
have been performed fo r th e  instantaneous pressure values on th e  c a v ity  
f lo o r .  Comparison w ith  experim ental data i s  made in  terms o f th e  mean 
s ta t i c  pressure and the  frequency spectra  o f th e  o s c i l l a t i o n  a long  th e  
c a v i t y  f l o o r .  The tim e -a v e ra g e d  com putational r e s u l t s  show good 
agreem ent w ith  th e  experim en tal d a ta  along th e  c a v i t y  w a l l s .  The 
f e a tu re s  o f  open, t r a n s i t io n a l  and closed cav ity  flews and e ffe c ts  o f 
th e  t h i r d  dim ension have been i l l u s t r a t e d  th ro u g h  c o m p u ta tio n a l 
g ra p h ic s . The th ree-d im ensionality  o f cav ity  flows has been elucidated 
p ic to r ia lly .
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Chap te r  1  
IKmCDDCTICW
Carrying weapons in te rn a lly  in  h igh  perform ance f  igh ter-bom ber 
a i r c r a f t  o f f e r s  many p o te n t ia l  b e n e f i ts ,  such a s :  in c reased  ccmbat 
range, g rea te r maneuverability, h i^ ie r  t a r g e t  p e n e tra tio n  speed ( le s s  
t im e  o v e r  t h e  t a r g e t ) , e lim in a tio n  o f weapon aero therm al h e a tin g  
problems d u rin g  t r a n s i t  to  th e  t a r g e t  s i t e ,  and re d u c tio n  o f  ra d a r  
detection  signatures. However, opening weapon bay doors a t  high a i r c r a f t  
speeds can re s u l t  in  extreme flow in s ta b i l i t ie s  w ith in  th e  open weapon 
bay c a v ity . The p resence  o f  a cav ity  embedded in  th e  surface bounding 
the  flow causes la rg e  f lu c tu a t io n s  o f  p re s su re  and v e lo c i ty .  These 
f l u c t u a t i o n s  g e n e r a te  s t r o n g  a c o u s t ic  waves. The in te r n a l  flow 
i n s t a b i l i t y  and a s so c ia te d  sev e re  a e ro ac o u s tic  phenomena can  have  
damaging e ffe c ts  on the  a i r c r a f t  s tru c tu re  and crew, the  weapon sensing 
devices and s tru c tu re , and can severly a f fe c t  th e  s tab le  re le a se  o f  th e  
weapon.
During sp ec ific  f l ig h t  conditions and with sane cu rren t weapons, 
a i r c r a f t  speed re d u c tio n s  a re  re q u ire d  p r io r  t o  opening weapon bay
doors, thereby increasing time and v u ln e rab ility  over th e  t a r g e t  [1 ]* . 
Weapon bay c a v i t i e s  and a e ro ac o u stic  su p p ress io n  d ev ices  should be 
designed to  overcome th is  lo ss  in  a i r c r a f t  c ap ab ility . To accomplish
*The numbers in  brackets ind ica te  references
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t h i s ,  one must understand  th e  in te r n a l  flow  s t ru c tu re  in  weapon bay 
c a v itie s .
A nother reason  f o r  th e  in te re s t  in  cav ity  flows ocmes from the 
app lication  o f "Aerodynamic Windows" fo r  high-pow er gas  dynamic l a s e r  
f lo w fie ld s  [2-4] and th e  need to  m inim ize lo s s e s  in  o p tica l systems 
mounted on high speed a i r c r a f t  and m is s i le s . C av ity  flow s a re  a ls o  o f 
i n t e r e s t  in  a n a ly z in g  th e  lo a d s  on th e  lan d in g  g e a r  w e lls  on an 
a ir c ra f t .
T his re se a rc h  e f f o r t  has been aimed a t  f u r th e r  inproving the  
understanding o f th e  complex flew phenomenon, in v e s t ig a te  th e  o n se t o f  
feed  back mechanism and analyze th e  pressure flu c tu a tio n s  w ith in  deep, 
shallow, and tra n s itio n a l c a v itie s . Though work has been conducted from 
th e  subsonic  t o  th e  hyperson ic  reg im es, m ost o f  th e  e f fo r t  has been 
concentrated on th e  supersonic speed regime. Many in v e s t ig a t io n s , bo th  
e x p e r im e n ta l  and  c o m p u ta tio n a l have been conducted to  s tu d y  th e  
f lo w f ie ld  in s id e  two and th ree -d im en sio n a l r e c ta n g u la r  c a v i t i e s .  
Although th e re  e x i s t  v isco u s  ca lcu la tio n s  o f  supersonic cav ity  flews, 
th e re  a re  no published re s u lts  o f ccnputational viscous ca lcu la tio n s  fo r 
t r a n s i t io n a l  and c lo se d  c a v ity  f lo w f ie ld s . There e x is ts  experimental 
v isu a liza tio n  o f th e  f lo o r above th e  plane o f th e  cav ity , however, there  
a r e  no p u b lish ed  r e s u l t s  fo r  v is u a l iz a t io n  o f  th e  flow  in s id e  th e  
cav ity .
The sp ec ific  objectives o f th is  research e f fo r t  have been:
1) to  provide v a lid  computational so lu tions fo r  open, c lo se d  and 
deep c a v ity  flow s in  th e  subsonic, supersonic and transonic  
regimes.
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2) t o  p rov ide  q u a l i ta t iv e  understand ing  o f  three-d im ensional 
cav ity  flows through enhanced ccnputaticnal graphics.
3) to  study th e  three-dimensional unsteady flow separation.
4) to  ccnpare both time averaged and tim e dependent p ro p ertie s  of 
th e  flow obtained ccnputaticnally  w ith th e  experiments.
High perform ance g rap h ic s  w o rk s ta t io n s  have  b een  u se d  t o  
v isu a lize  th e  flow dynamics obtained from the  supercomputer so lu tions to  
th e  th ree -d im en sio n a l com plete N avier-S tokes e q u a t io n s  f o r  open , 
t r a n s i t i o n a l ,  and c losed  cav ity  flow fields a t  subsonic, transon ic , and 
supersonic flow speeds.
The d e t a i l s  o f  th e  l i t e r a tu r e  survey a re  given in  Chap. 2. The 
physics o f cav ity  flows and th e i r  c la s s if ic a tio n  a re  g iven  in  Chap. 3. 
The g o v e rn in g  e q u a tio n s  a re  expressed  in  d if f e r e n c e  form and th e  
corresponding boundary conditions are  det a i l ed in  Chap. 4. The s o lu tio n  
algorithm and the  g rid  generations are  discussed in  Chap. 5. The re s u lts  
a re  discussed in  Chap. 6 and conclusions and recommendations a re  g iven 
in  Chap. 7.
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n&j+t*r 2
THBCRETTCAL AND EXTHOMHfEAL LEUSEttUMKK CN CAVI3Y FU3H5
There e x i s t  s e v e ra l review s [5-7] on c a v ity  flow s. In  t h i s  
chapter, an updated version of th e  survey i s  presented.
2.1 Experimental literature on Cavity Flows
Karam cheti [8] and Roshko [9] were among the  early  workers to  
conduct extensive s tu d ie s  on c a v ity  flow s. T h e ir p io n eerin g  work i s  
w orth mentioning, fo r  i t  was no t u n t i l  very recen tly  th a t  th e  means fo r 
improving on th e i r  methods became availab le . Karamcheti [8] performed an 
e x te n s iv e  s tu d y  o f  th e  sound ra d ia te d  by flow s over re c ta n g u la r  
c a v itie s , losing a f l a t  p la te  with a  cavity  o f v a riab le  length mounted in  
a  blowdown tu n n e l .  The Mach number was v a r ie d  from 0.25 to  1 .5 . 
Schlieren  and in te rfe ro m e te r  tech n iq u es  were used to  v is u a l iz e  th e  
a c o u s tic  f lu c tu a t io n s  and g e t  q u a n t i ta t iv e  m easures o f  th e  decibel 
lev e ls  and d ire c tio n a lity  o f th e  ra d ia te d  sound. Karamcheti observed 
t h a t  below a minimum c a v ity  leng th , th e  shear layer jumped across the  
cav ity  without inpinging on th e  downstream wall o r g e n e ra tin g  a c o u s tic  
o s c i l l a t i o n .  Above t h i s  len g th  the  wavelength o f the  o sc illa tio n s  was 
p ro p o r tio n a l t o  th e  c a v i ty  le n g th .  When th e  boundary  l a y e r  was 
tu rb u le n t ,  th e  p rocess  occuring in  the  cav ity  was seen to  be much more 
v io le n t ,  and s e v e ra l harm onics were o b se rv e d . However, th e  peak  
am plitudes observed were co n sid erab ly  le s s  them in  th e  case  o f the  
laminar boundary layer.
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Roshko [9] s tu d ie d  th e  tim e averaged e f f e c t s  o f flows over a 
c a v ity  a t  low Mach num bers, w ith  th e  c a v i t y  d im e n s io n s  v a r i e d  
sy s te m a tic a lly . P ressu re  c o e f f ic ie n ts  a t  various po in ts cn th e  cav ity  
w alls and flo o rs  were measured and f r ic tio n  co effic ien ts  calcu la ted . For 
a  deep  c a v ity , a  s in g le  v o r te x  was seen to  e x i s t  in s id e .  For v ery  
shallow c a v itie s , th e  shear lay e r was seen to  be a tta c h e d  to  th e  f lo o r  
o f  th e  c av ity , enclosing v o rtice s  on e ith e r  s id e . Roshko concluded th a t  
th e  in c reased  d rag  due t o  th e  c a v ity  stemmed from  th e  s ta g n a t io n  
pressure on th e  re a r  cav ity  wall as th e  shear lay er inpinged on i t .
C onsiderab le  re se a rc h  e f f o r t  has been expended in  s e e k in g  
s o lu t io n s  t o  t h e  c a v ity  flow  problems and th e  b eh av io r o f  s to r e s  
inmediately following th e i r  re lease  from a bomb-bay. Kamrass [10] and 
and Rainey [11] have presented th e  re su lts  o f wind tunnel investigations 
a t  Mach numbers from 1.6 to  3.0 o f  flow phenomena in s id e  v a rio u s  bomb- 
bay c o n f ig u ra tio n s . The e ffe c ts  o f th e  bcnb-bay configuration upon the  
aerodynamic c h a r a c te r i s t i c s  o f  b o d ie s  c o n ta in in g  bom b-bays w ere 
investigated  a t  supersonic speeds by Rainey [12-13]. Gibson [14] made an 
a tte n p t to  determine the  causes o f s trong  re so n an t o s c i l l a t i o n s  which 
occur in  c a v itie s  a t  supersonic speeds.
MacDearmon [15] has presented the  re su lts  o f h is  investiga tion  on 
th e  e f f e c t s  o f sy s tem a tic  v a r ia tio n s  o f depth, span, and upstream and 
downstream l ip  ra d ii  on th e  flow c h a rac te ris tic s  in  a  rectangular cav ity  
on a  f l a t  p la te  a t  a  Mach number o f  3 .55 . The Reynolds number o f the  
t e s t  based on th e  d istance from th e  lead ing  edge o f  th e  f l a t  p la te  to
th e  upstream  l i p  o f  th e  cav ity  was 2.36xl06, and th e  boundary lay er of 
th e  flow approaching th e  l ip  was tu rb u len t. The c r i t i c a l  dep th  (depth
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beyond which depth increases had no e ffe c ts  cn th e  pressure  d is tr ib u tio n  
in  th e  cavity) and pressure t  rs tr ib u tic n  in  very shallow  c a v i t i e s  were 
predicted  an a ly tica lly .
Charawat, e t  a l .  [16], investigated  s e v e ra l  ty p e s  o f  sep a ra ted  
reg io n s  such a s  b lu n t base  wakes, c a v i t i e s  formed in  cutouts in  th e  
boundaries and ahead o f o r behind tw o-dim ensional s te p s  in  su p erso n ic  
(Mach 2 to  4) and subsonic flow. The conditions fo r  th e  existence, the  
geometry and th e  pressure f ie ld  have been described . I t  was found th a t  
th e re  e x i s t s  a  maximum ( c r i t i c a l )  length to  depth r a t io  o f th e  cavity  
beyond which th e  c a v i t y  f lo w f ie ld  c o l l a p s e s ,  l e a v in g  m u tu a lly  
independent se p a ra te d  reg io n s  a t  each th e  f r ont  and re a r  faces o f the  
cav ity . This c r i t i c a l  le n g th  g re a t ly  changes upon la m in a r- tu rb u le n t 
t r a n s i t io n  in  th e  oncoming boundary layer. A sem i-enpirical co rre la tio n  
was proposed under which th e  flew w ill bridge a c a v ity  o f  an a r b i t r a r y  
depth.
Plumblee, e t  a l .  [17] s tu d ie d  th e  a c o u s tic  response  o f  la rg e  
c a v i t i e s  in  flow s o f Mach number 0.2 t o  5 .0 . High speed S c h lie re n  
photography, probe m icrophones, s t a t i c  p re s su re  ta p s  and h o t w ire  
anemometry were used t o  v is u a l iz e  and q u a n tify  th e  f lo w f ie ld . Both 
d isc re te  tones and broadband n o ise  gen era ted  by th e  c a v ity  flow  were 
observed . The d is c r e te  tone frequencies were observed to  increase w ith 
Mach number, though n o t l in e a r ly .  Rapid f lu c tu a t io n s  occured in  th e  
s e p a ra te d  boundary la y e r ,  and, depending on flow  c o n d itio n s , b o th  
expansion waves and shock waves were observed a t  th e  s e p a ra tio n  p o in t 
n ea r th e  c a v ity  le ad in g  edge, in d ic a tin g  d i f f e r e n t  s t a t i c  pressures 
in side  th e  cav ity .
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An experimental investigation  o f tu rbu len t flow over a  cav ity  in  
an aerodynamic surface was conducted by Ehudy and Magnan [18]. The t e s t  
was c a r r i e d  o u t a t  nominal Mach numbers o f  4 and 8 , w ith  Reynolds 
numbers based on fre e  stream conditions and length o f th e  body ahead o f
th e  c a v ity  o f 8.0xl06 and ll.OxlO6 respectively . Two conditions o f wall 
to  f r e e  stream  s ta g n a t io n  te m p e ra tu re  r a t i o ,  0 .4  and 0 .8 ,  w ere 
investiga ted  a t  M = 8.09, whereas a t  M = 3.99, th e  temperature r a t io  was 
0.75. Poor a l l  th e  t e s t s ,  th e  r a t io  o f in i t i a l  boundary la y e r  th ic k n e ss  
to  cav ity  depth was approximately 0 .2 . Measurements were made o f surface 
pressure and tem peratu re , and f lo w fie ld  surveys o f  p i t o t  and s t a t i c  
p re s su re s  and to ta l  temperature were performed. The t e s t  re su lts  showed 
th a t  th e  re c irc u la tin g  f lu id  temperature was no t le s s  than 0.7 times the  
f r e e  s tre a m  s t a g n a t io n  te m p e ra tu re  d e s p ite  th e  d ecrease  o f  w all 
temperature to  0.4 tim es th e  free  stream value.
E a s t [19] observed  th a t  deep c a v ity  resonance r e s u l t s  from, 
simultaneous, doubly tuned am plification o f shear lay er unstead iness by 
b o th  th e  sh e a r  la y e r  edgetone and th e  c a v ity  enclosure  acting  as an 
acoustic  resonator. I t  was fu rth e r observed th a t  th e  th ree -d im en sio n a l 
e f f e c t s  due to  v a ria tio n s  in  the  transverse  dimension o f the  cav ity  d id  
n e t appear to  a l t e r  th e  unsteady e ffe c ts .
R o s s i t e r  [20] perform ed wind tu n n e l t e s t s  on subsonic  and 
transon ic  flews (0.4 < M < 1.2) over rectangular c a v it ie s  and found th a t 
th e  unsteady pressures, contain both random and periodic  components. The 
random component was found to  predominate in  th e  shallower c a v itie s  (I/D 
> 4) and was most in tense near the  re a r  w all. The period ic  component was 
observed t o  predom inate in  th e  deeper c a v i t i e s  (I/D  < 4) and form
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standing wave p a tte rn s . I t  was suggested th a t  th e  period ic  ocnpcnent was 
due to  an acoustic  resonance w ithin th e  cavity  ex c ited  by a phenomenon 
s im ila r to  th a t  causing edgetcnes.
H ossiter [20] observed th a t  as  Mach number in c reased , th e  flow  
attachment p o in t on th e  roof o f th e  shallow c a v itie s  moved downstream so 
th a t  th e  c a v itie s  became e ffe c tiv e ly  deeper. As a  r e s u l t ,  th e  p re s su re  
d is tr ib u tio n  in  th e  shallower c a v itie s  would show a large  v a ria tio n  with 
th e  Mach number, whereas th e  pressure d is tr ib u tio n  fo r  deeper c a v i t i e s  
were ocnparatively independent o f Mach number. I t  was fu r th e r  noted th a t  
period ic  density  fluc tua tions tra v e l downstream over th e  c a v ity  mouth. 
These f lu c tu a t io n s  were assumed t o  be v o rtic e s  shed from th e  leading 
edge o f th e  cav ity . The shadowgraphs a lso  showed a c o u s tic  waves in  th e  
c a v ity  whose prim ary  source  was near th e  t r a i l in g  edge. Assuming th a t  
th e  v o rtices  were shed when an acoustic  disturbance reached th e  lead in g  
edge o f  th e  c a v ity , and th a t  acoustic  disturbances were generated when 
th e  v o r t i c e s  reached  th e  c a v ity  t r a i l i n g  edge, i t  was p o s s ib le  t o  
de term ine  th e  frequency r e la t io n  a t  which o s c i l l a t i o n  m ight occur. 
Although th i s  frequency r e la t io n  re q u ire s  two e m p ir ic a lly  determ ined 
c o n s ta n ts , w ith  a  su ita b le  choice o f  constants, a  reasonable agreement 
wath experim en tal d a ta  cam be o b ta in ed  over a  m oderate Mach number 
range.
Torda and P atel [21] investigated  tr ian g u la r  c a v it ie s , s im ila r to  
th o se  used a s  b a f f le s  in  l iq u id  ro c k e t eng ines, a t  low Mach numbers 
(M=0.2). The flew was seen to  produce periodic and in te rm itten t v o rtices  
a t  th e  upstream  apex, which were then swept from the  cav ity . A s t r ong 
primary vortex stayed inside the  cav ity  and sn a il secondary v o rtices  (as 
many a s  four) were seen near th e  bottom a t  the  re a r  wall o f th e  cav ity .
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Deep c a v itie s  were seen to  be much mace s tab le  than shallow ones, w ith a  
c o u n te r  ro ta t in g  v o rte x  being  formed below th e  f i r s t  in  very  deep 
c av itie s .
McGregor and White [22] measured th e  drag o f rectangular c av itie s  
in  supersonic and subsonic flow (0.3 < M < 3.0) using a  drag ba lan ce  in  
th e  wind tu n n e l. High speed Schlieren p ic tu res  showed a  vortex shed a t  
th e  leading edge of the  cavity , going in  and out a t  th e  t r a i l i n g  edge. 
The s t e a d y - s t a t e  d rag  o f th e  c a v ity  was a t t r ib u te d  t o  th e  in p a c t 
p re s su re  a t  th e  downstream w a ll. When resonance o c c u r re d ,  a  250% 
in c re a se  in  th e  d rag  was observed, which was a ttr ib u te d  to  th e  large 
deflec tion  o f the  shear layer and th e  re su ltan t lo s s  o f  momentum. Some 
c o n ta m in a tio n  in  t h e i r  r e s u l t s  by tu n n e l  resonance e f f e c t s  was 
suspected.
H e lle r  and B liss [23] conducted wind tunnel te s t s  on c a v itie s  of 
I/D  ra t io  o f 2.3 to  5.5 and Mach number range o f 0 .8  t o  2 .0 . D e ta iled  
in fo rm ation  on th e  normalized lev e ls  o f th e  f i r s t  th ree  resonant modes 
in  th e  cav ity  fo r  a range of c a v ity  L/D and f r e e  stream  Mach numbers 
were o b ta in ed . S trong s p e c tra l  peaks were observed when th e  boundary 
lay er was laminar. I t  was shown th a t  the  cavity  temperature was c lose  to  
th e  s t a g n a t io n  v a lu e  w ith  recovery  f a c to r s  between 0 .8  and 0 .95 . 
Pressure fluc tuations were seen to  be h ig h e s t n ea r th e  t r a i l i n g  edge, 
fa ll in g  o ff  inversely with th e  distance towards th e  leading edge.
A ir flew over deep cav itie s  was investigated  in  a  wind tunnel and 
in  f l ig h t  a t  high subsonic speeds a t  equivalent o r  actual a lt i tu d e s  o f 7 
to  12 km by Buell [24]. The c av itie s  were large  with opening dim ensions 
on th e  o rd e r o f  one m eter. P ressu res  were measured in  and near the  
c a v i t i e s  w ith  and w ithou t e x te rn a lly  mounted d e v ic e s  in te n d e d  to
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sup p ress  resonance in  th e  c a v i t i e s .  The t e s t s  were l im ite d  to  deep 
c a v itie s  and to  high subsonic speeds.
Scheiman [25] made acoustic measurements on a  la rg e  sca le  cavity  
w ith in s id e  and f a r  f i e ld  m icrophones. The c o r r e la t io n  o f  measured 
freq u e n c ie s  w ith  a v a ila b le  th e o r ie s  in d ica ted  th a t  ex is tin g  th eo ries  
were a p p lic a b le  o ver a  b ro ad e r range. This study  in v e s t ig a te d  th e  
a p p l ic a b i l i ty  o f  a v a ila b le  th e o r ie s  f o r  c a v i t i e s  o f  la rg e r  and more 
r e a l i s t i c  s iz e s . Upstream disturbances and p a r t i a l l y  covered  c a v i t i e s  
were investigated  together with a  simulated lard ing  gear.
Frank and Carr [26] conducted wind tunnel and w a te r t a b le  t e s t s  
on c a v i t i e s  o f L/D from 1 to  4 .25 and Mach 1 .6  to  3 .3 . T h e ir main 
objective was to  find  geometric m odification fo r reduc ing  flow  induced 
p re s su re  o s c i l l a t i o n s  in  shallow , open, two-dimensioned, rectangular 
c a v itie s . Q u a lita tiv e  sc reen in g  o f v a r io u s  c a v ity  c o n f ig u ra tio n  was 
accom plished on th e  w ater ta b le  a t  Froude numbers ranging from 0.6 to  
3 .3 . Configurations t h a t  showed good su p p ress io n  c h a r a c te r i s t i c s  in  
w a ter were f u r th e r  examined in  th e  wind tu n n e l by comparing nearcow 
bandwidth cav ity  pressure measurements. They concluded th a t  ramps a t  the  
leading and t r a i l in g  edges o f th e  rectangular c a v itie s  were e ffec tiv e  in  
reducing th e  pressure amplitudes under some conditions.
B la ir  and S ta llin g s  [27] conducted a  wind tunnel investigation  a t  
Mach numbers o f  1 .5 , 2.16 and 2.86 to  o b ta in  a x ia l  fo rc e  d a ta  on a 
m e tric  rec tan g u la r-b o x  cav ity  with various length to  depth ra t io s .  The
model was te s te d  a t  angles o f a ttack  from -4 °  to  2°. The r e s u l t s  have 
been summarized to  show v a ria tio n s  in  cav ity  ax ia l force c o e ffic ien t fo r 
deep and shallow cav ity  configurations w ith detached and attached cavity
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f lc w f ie ld s  r e s p e c t iv e ly .  The re s u lts  o f  th e i r  investig a tio n  indicated 
th a t  fo r  a  wide range o f  cav ity  lengths and depths, good co rre la tio n s  o f 
t h e  c a v i t y  a x i a l  f o r c e  c o e f f i c i e n t s  w ere o b ta in e d  when th e s e  
co e ffic ien ts  were p lo tte d  as a  function o f cav ity  length  to  depth ra t io . 
Abrupt in c re a s e s  in  th e  c a v ity  ax ia l fa rce  co e ffic ien t a t  an angle of
a tta ck  o f  0° r e f l e c t s  th e  t r a n s i t io n  from an  open(detached) c a v ity  
f lo w f ie ld  to  a  c lo se d  (attached) cav ity  flow field . I t  was observed th a t  
th e  cav ity  length  to  depth r a t io  was th e  dcminant f a c to r  a f f e c t in g  th e  
sw itch in g  from one type  to  th e  o ther. The type o f  cav ity  flow field  was 
not dependent on th e  t e s t  an g les  o f  a t ta c k  ex cep t n ea r th e  c r i t i c a l  
value o f I/D  ra t io .
Kaufman, e t  a l .  [28] conducted an extensive s e t  o f experiments to  
p ro v id e  fundamental aerodynamic and aeroaooustic da ta  fo r  a  generic s e t  
o f rectangular c a v itie s  fo r both subsonic and su p e rso n ic  flow s. These 
experim ents supplem ented e a r l i e r  experiments conducted by Clark using 
th e  same model f o r  t ra n s o n ic  flow s. B asic  s t a t i c  and  o s c i l l a t o r y  
p re s su re  d a ta  were o b ta in ed  f o r  flow s over rectangular c a v itie s  in  a 
f l a t  p la te  model f o r  0 .6  < M < 3 .0 . E f fe c ts  o f  a c o u s tic  su p p ress io n  
d e v ic e s  ( f e n c e s )  and th e  p re sen ce  o f  t o t a l  p re s su re  probes were 
ascertained .
S ta llin g s  and Wilcox [29] have investigated  flow p a s t c a v it ie s  to  
obtain  cav ity  pressure  d is tr ib u tio n s  fo r a wide range o f supersonic Mach 
numbers and cav ity  dimensions. The te s t s  were conducted a t  Mach numbers 
from 1.5 to  2.86 fo r  cav ity  depths and widths from 0.5 in  to  2 .5  in  and 
c a v ity  len g th s  from 0.5 to  12 in . These pressure d is tr ib u tio n s  together 
w ith Schlieren photographs were used to  d e f in e  th e  c r i t i c a l  v a lu es  o f
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c a v ity  le n g th  to  dep th  r a t i o s  (I/D )„_  th a t  separate  open type cavity
C l
flows fron closed ty p e  c a v ity  flow s. I t  was observed  t h a t  v a lu es  o f  
(L/D) o b ta in ed  when decreasing th e  cav ity  length  were generally  le ss
C l
than those obtained when increasing th e  cav ity  length . Values o f (I/D)
Cl
ranged from 10 to  13. I t  was fu rth e r observed th a t  a  la rg e  improvement 
in  th e  co rre la tio n  o f measured cav ity  cen te rlin e  p re s su re  d i s t r ib u t io n  
fo r  c a v i t i e s  o f various depths were obtained when both th e  cav ity  width 
to  depth (W/D) r a t io  and length to  depth (I/D) r a t io  were held  c o n s ta n t 
r a th e r  th an  I/D  a lo n e . I t  was a lso  no ted  t h a t  th e  e ffe c ts  o f cavity  
w idth  on th e  c a v ity  p re s su re  d i s t r ib u t io n s  were much g r e a t e r  f o r  
c a v i t i e s  having  c lo sed  o r  tra n s itio n a l flcw fie lds than c a v itie s  having 
open flcw fie lds. D ecreasing c a v ity  w idth  r e s u l te d  in  a  re d u c tio n  in  
(I/D)cr* Three-dimensional e ffe c ts  in  th e  form of la rg e  la te r a l  pressure
gradients occurred on th e  r e a r  face  o f  th e  c a v i t i e s  t h a t  had c lo sed  
cav ity  flcw fie lds.
A wind tunnel t e s t  was performed by Shaw [30] on a  c a v ity  model 
w ith  v a r ia b le  len g th  and depth. I t  was te s te d  a t  th ree  supersonic Mach 
numbers o f 1.5, 2.16 and 2 .86. Four u n i t  Reynolds numbers, 1 .0 , 2 .0 ,
3 .0 , 4 .0  m ill io n  were t e s te d .  The model was te s t e d  a t  two angles of 
a t ta c k ,  two yaw an g les  and two c a v ity  w id th s . A c o u s tic  d a ta  w ere 
ob ta in ed  f o r  alm ost a l l  com binations o f  th e  t e s t  param eters. Strong 
acoustic  resonance was obtained fo r  many o f th e  c o n f ig u ra tio n s  and a l l  
th re e  Mach numbers. Levels a s  h igh  a s  165 dB were measured. Reynolds 
number was shewn t o  s tro n g ly  a f f e c t  e x c i ta t io n  o f  s p e c i f ic  re so n an t 
m odes. The an g le  o f  a t ta c k  a f fe c te d  th e  le v e l s  a s  w e ll a s  yaw. An 
important re s u lt  o f th e  e f f o r t  was th e  e f f e c t  o f  model s c a le .  I t  was
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shown t h a t  changing th e  c a v ity  s ize  changed th e  flow induced acoustic 
lev e ls  as large as  20 dB.
To expand th e  d a ta  base and knowledge of flow in  c a v itie s  over 
th e  subsonic and transonic regimes, a t e s t  was conducted in  th e  David 
T ay lo r Naval S u rface  Research and Development C enter's wind tunnel by 
Plentovich [31 ]. The in v e s t ig a tio n  was a ls o  conducted to  s tu d y  th e  
e f f e c t  o f  Reynolds number on the  cavity  da ta . For th i s  investigation  a 
quarte r sca le  model was te s ted  a t  Mach numbers from 0 .3  t o  1.05 and a t
Reynolds numbers from 1.0x106 to  4.0xl06 /fo o t .
2.2 literature on Prediction Methods fear Cavity Flows
W eiss and  F lo rsh e im  [32] m odeled a  low R eynolds number 
incompressible flew in  a deep cavity , neglecting convection o f v o r tic ity  
and o b ta in ed  r e s u l t s  showing steady, double ce lled  rec ircu la tin g  flew 
in side  th e  cav ity . Drop te s t s  in  a  glycerin-w ater so lu tion  were used fo r 
q u a l i t a t i v e  v e r i f i c a t i o n .  Pan and A crios [33] used a  re la x a tio n  
technique to  obtain  creeping flew so lu tions fo r  rectangular c a v i t ie s  o f 
L/D r a t i o s  0.2 to  4 .0 . According to  th e i r  re s u lts , th e  steady flow in  a 
cav ity  a t  high Reynolds number c o n sis te d  o f  a s in g le  co re  o f  uniform  
v o r t i c i t y  w ith  v isco u s  e f f e c t s  confined to  th in  shear layers near the 
boundaries. For i n f i n i t e l y  deep c a v i t i e s ,  th e  v isco u s  and i n e r t i a l  
forces would be ccnparable a t  a l l  Reynolds numbers.
Mehta and Lavan [34] c a lc u la te d  th e  flow  in  a  tw o-dim ensional 
channel w ith  a rec tan g u la r cavity  in  the  lower wall and the  upper wall 
moving a t  uniform velocity . The N avier-S tokes eq u atio n s  were used to  
model a  lam inar inccnpres s ib le  flow in  terms of the  stream function and
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v o r t ic i ty  fo r  Reynolds numbers from 1 to  1500 and c a v ity  I/D  r a t i o s  o f
0 .5 , 1 .0  and 2 .0 . A c i r c u la t in g  flew  was found t o  ex tend  th e  whole
heigh t fo r  shallow and square c a v it ie s . Deep c a v itie s  showed a  secondary
v o rte x  n e a r th e  bottom of th e  cav ity . Time dependent so lu tions fo r  th e
vortex flew in  a  square cav ity  f o r  a  Reynolds number o f  10 were a ls o
*
o b ta in e d . The d iv id in g  s tre am lin e  was found to  be concave f o r  low 
Reynolds number and convex fo r high Reynolds number. As Reynolds number 
in c re a se d , th e  s t r e ngth o f th e  vortex  increased and then decreased. Hie 
vortex moved downstream and upward, causing th e  sh e a r  la y e r  to  became 
t h i n .  O 'B rien  [35] s tu d ie d  c lo sed  s tre am lin e s  a ss o c ia te d  w ith  th e  
channel flew over a  cav ity . The v isco u s  Stokes flow  in  a  re c ta n g u la r  
c a v i t y  w ith  p a r a l l e l  sh ea r flow  was c a lc u la te d  by a d i r e c t  f i n i t e  
d ifference technique. The sep a ra te d  s tream lin e  and th e  in te n s i ty  o f  
c i r c u l a t i o n  o f  th e  c lo sed  s tre am lin e  flow w ith in  th e  c a v ity  were 
o b ta in ed  a s  fu n c tio n  o f  th e  c a v ity  shape, th e  s iz e  o f  th e  c h a n n e l 
r e l a t i v e  t o  th e  s iz e  o f th e  cav ity  and th e  v e locity  p ro f ile  w ithin the  
channel.
Nallaswamy and Krishnaprasad [36] studied steady cav ity  flews a t  
high Reynolds numbers (0 < Re < 50,000). Three fu lly  viscous eddies were 
found to  be formed in s id e  the  cav ity . Velocity, temperature, v o r tic ity  
and h ea t flux  p ro f ile s  inside th e  cav ity  were obtained. In  addition , th e  
v a r ia t io n  o f  a  s tead y  c a v ity  f lo w f ie ld  w ith Reynolds number was a lso  
obtained.
B ila n in  and Covert [37] assumed th a t  shear la y e r in s ta b i l i ty  as 
w ell as in te rac tio n  between th e  sh e a r  la y e r  and c a v i ty  t r a i l i n g  edge 
were re q u ire d  t o  s u s ta in  d is c re te -f re q u e n c y  o s c i l la t io n s .  The shear 
lay er was modeled as  a  vortex sh e e t e x c ite d  a t  th e  le ad in g  edge by a
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p e r io d ic  p re s su re  p u ls e , and th e  pressure flu c tu a tio n  a t  the  t r a i l in g  
edge as an acoustic  monopole. The phase s h i f t  c o n d itio n  between th e  
le ad in g  and t r a i l i n g  edge phenomena gave th e  values o f  th e  allowable 
frequencies. The eigenvalue equation thus obtained was solved f o r  th o se  
v a lu e s  which p rov ided  a m p lif ic a tio n  o f  th e  p re s su re  o s c i l l a t i o n s .  
Q u a lita tiv e ly  c o r r e c t  a c o u s tic  mode shapes and p o s s ib le  e x c i ta t io n  
frequencies fo r  shallow c a v itie s  fo r  0.8 < M < 3.0 were a lso  obtained.
Smith and Shaw [38] developed em p irica l p re d ic t io n  methods fo r  
modal frequencies, modal amplitudes, broadband amplitudes, I/D  e ffe c ts , 
Mach number e f f e c t s  and lo n g itu d in a l d i s t r i b u t io n  o f  f l u c t u a t i n g  
p re s su re s  based on f l ig h t  t e s t  data  on c a v itie s  w ith I/D  ra t io s  o f  two 
to  seven fo r  Mach numbers from 0.5 to  3.0
Tam [39] m odeled th e  a c o u s tic  modes o f  a  tw o-dim ensional 
rectangular cav ity  a t  low v e lo c i t i e s .  The boundary c o n d itio n  was th e  
r a d ia t io n  co n d itio n  f a r  away from th e  open end o f  th e  cav ity  and an 
exact in v is c id  s o lu tio n  was o b ta in ed . The v a lu e s  f o r  c r i t i c a l  Mach 
number below  w hich flow  in d u ced  c a v ity  to n es  due to  normal mode 
resonances could not become s e l f  sustained, were o b ta in ed . For shallow  
c a v i t i e s ,  w ith  L/D > 1, th e  n a tu ra l  modes were found t o  be heavily  
damped by th e  energy lo ss  due to  rad ia tio n . A boundary p ro f i le  d iv id in g  
regimes o f tone production fo r  normal mode resonances was a lso  obtained.
Block [40] s tu d ie d  th e  n o ise  response o f  c a v i t i e s  o f  vary ing  
dimensions a t  subsonic speeds. The e ffe c t  o f th e  I/D  r a t io  in  Ross i t e r 's  
model fo r  o sc il la tio n  frequencies, was included and sim ple  approxim ate 
models fo r  th e  Mach numbers corresponding to  th e  onset o f  given modes of 
o sc il la tio n  and th e  maximum am plitude o f o s c i l l a t i o n s  were d e riv e d .
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These Mach numbers ty p ica lly  d iffe red  by about 10%. The formula fo r  the 
maximum-amplitude Mach number was o f th e  form:
1 L
„ __________________ v ______________
4n |l+ A (I/D )B} -  ^ (I/D)+0.514 j 
w here, k .̂ i s  th e  r e a l  p a r t  o f  th e  wave number o f  th e  d is tu rb a n c e
t r a v e l in g  downstream, n i s  th e  mode number, and A and B a re  empirical 
constants. In te rac tions between th e  depth and leng th  modes were found. 
When th e  w id th  o f  th e  c a v i t y  was d ecreased , in te n se  to n es  could 
sometimes be produced. However, th e  p red ictions were not v a lid  fo r  large 
I/D  ra t io s .
Tam and Block [6] d ev e lo p ed  a  model f o r  t h e  o s c i l l a t i o n  
freq u e n c ie s  fo r  flows over rectangular c av itie s  based an th e  excita tion  
o f shear lay e r in s ta b il i ty  by waves r e f le c te d  from th e  le ad in g  edge, 
t r a i l i n g  edge, and f lo o r  o f  th e  c a v ity . The p ro cess  occuring a t  the 
t r a i l in g  edge was modeled by a l in e  source  and th e  sh ea r la y e r  by a 
v o r te x  s h e e t, w ith  a  correction  applied fo r th e  shear lay er thickness. 
At Mach numbers below 0.2 , evidence o f  tone  g e n e ra tio n  by th e  normal 
mode resonance mechanism was found. Good comparison w ith data over a 
wide range o f Mach numbers was obtained.
Borland [41] solved th e  two-dimensional Euler equations fo r  the 
tim e-dependen t in v is c id  com pressib le  flow  over a  c a v ity  u s in g  two 
num erical a lg o rith m s and compared th e  re s u l ts  w ith em pirical models, 
wind tu n n e l, and f l i g h t  t e s t  d a ta .  The sh ea r la y e r  o s c i l l a t i o n  was 
modeled and a  p is ton  was used a t  the  re a r  bulk head to  sim ulate th e  mass 
add ition  and removal a t  the  t r a i l in g  edge of the  cav ity . This g enera ted  
fo rw a rd  t r a v e l i n g  p re s su re  waves which reached th e  le ad in g  edge,
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re fle c ted  and forced th e  shear lay er to  d e fle c t. A f i r s t  o rder f lu id  in  
c e l l  method (FLIC), using nan-conservative d ifferencing  and f i r s t  order 
accuracy, gave good co rre la tions fo r th e  fundamental frequency and th e  
m agnitude o f pressure o sc illa tio n s  observed in  f l ig h t  t e s t s .  The second 
algorithm, a second-order MacCormack p re d ic to r -c o r re c to r  method u sin g  
th e  c o n se rv a tiv e  d if fe re n c in g  and second-order accuracy, showed the  
cap ab ility  o f p red ic ting  the  presence o f higher harmonics.
H ardin and Mason [42] developed a  p o ten tia l flow model o f two- 
dimensional cav ity  flow  in  which th e  sh e a r  la y e r  was re p re se n te d  by 
d i s c r e t e  r e c t i l i n e a r  v o r t ic e s  in  o rd e r to  p r e d ic t  and ex p la in  th e  
broadband noise generation phenomenon. The sp e c tra  and d i r e c t i v i t y  o f  
th e  quadrupole n o ise  source determined by th is  th e o re tic a l model were 
found to  compare w ell w ith observed re su lts  fo r  recil a i r c ra f t .
Hankey and Shang [43] analyzed pressure o sc il la tio n s  in  a  two- 
dimensional open cav ity  using the  unsteady Navier-Stokes equations. The 
mechanism o f o s c i l l a t io n  was taken to  be a  flapping o f th e  shear layer 
and propagation o f pressure waves. Comparison o f  t h i s  model was made 
w ith  t h a t  o f  H e lle r  and B lis s  [23]. With supersonic flow outside the  
cav ity , the  Mach number inside th e  cavity  was found to  be about 0.5. Hie 
sound inside  th e  cav ity  propagated upstream a t  about h a lf  th e  freestream 
v e lo c ity . The shear lay er was seen to  be u n s ta b le  f o r  low freq u en c ies  
such th a t  1 / (4-) > fk/U, where k  i s  the  boundary lay er th ickness, and U 
th e  freestream  ve lo city . I t  was observed th a t  resonance did  not occur in  
s h o r t  c a v i t ie s  when th e  length was le s s  than 2 ~ k. Above Mach = 2.5, no 
R a y le ig h  i n s t a b i l i t y  was found f o r  t h e  s h e a r  l a y e r .  The p e a k  
a m p lif ic a tio n  occured a t  h a l f  th e  c u t - o f f  frequency, so th a t  higher 
harmonics cculd e x is t . The maximum in te n s i ty  o f  p re s su re  o s c i l l a t io n s
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occured a t  about Mach = 1. Agreement w ith  th e  measured f lu c tu a tio n  
amplitude to  w ithin 10% was cteerved.
B randeis [44] s tu d ie d  th e  e f f e c t s  o f  a l t e r in g  th e  length and 
aspect r a t io  o f rectangular c a v i t i e s  on th e  developm ent o f  th e  sh ear 
la y e r .  An in te r a c t iv e  method which adapted the  ccnpressib le boundary- 
layer model fo r  th e  flow above th e  c a v ity  and incom pressib le  N av ier- 
Stokes eq u a tio n s  w ith in  th e  c a v ity , was used. Ihe  re s u lts  showed the  
location  of th e  s ta g n a tio n  p o in ts  to  be s e n s i t iv e  p r im ari l y  to  span 
v a r ia t io n .  For a  g iven  span, th e  sh ea r la y e r  was n e a r ly  unaffected  
except a t  aspect ra tio s  le s s  than 0 .5. The in te r a c t io n  w ith  th e  o u te r  
sup erso n ic  flow  had a  smoothing e f f e c t  on th e  shape o f th e  dividing 
s tre a m lin e , b u t d id  n o t s ig n i f ic a n t ly  a f f e c t  th e  lo c a t io n  o f  th e  
s ta g n a tio n  po in ts . Separation and reattachment were found to  be located 
below th e  o u te r  c o m e rs  o f  th e  c a v ity . The d iv id in g  s tre am lin e  was 
always; concave downward, excep t in  th e  v i c in i t y  o f  th e  s ta g n a tio n  
po in ts, where i t  was convex downward fo r  separation and reattachm ent to  
take place a t  r ig h t angles to  the  w all.
Shaw e t  a l .  [45] m o d if ie d  R o s s i t e r 's  fo rm u la  t o  im prove 
c o r r e la t io n  with measured data fo r  cy lin d rica l and rectangular c av itie s  
over th e  range 0 .4  < M < 1 .2 . P a rth a sa ra th y  and Cho [46] developed 
em p irica l d esig n  equations fo r th e  dimensions, frequencies, rocst-mean- 
square pressure amplitudes o f cy lin d rica l aerodynamic w histles.
Gat s k i  and Grosch [48] in v e s t ig a te d  th e  d rag  due to  embedded 
shallow c a v i t i e s  in  a  s tead y  lam inar flow . The incom pressib le  tw o- 
dim ensional boundary layer equations were used to  obta in  time-dependent 
so lu tio n s  fo r  square  c a v i t ie s  o f  dep th  to  boundary la y e r  th ic k n e ss  
r a t io s  ranging fran  0.25 to  1.0. A sing le  vortex was p resen t in side  the
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c a v ity . Hie r e s u l t s  showed a  d ecrease  in  th e  f r i c t i o n  d rag  and  an 
in c re a se  in  th e  p re ssu re  drag. Hie cav ity  created  a  favorable pressure 
g radient. Introduction o f a  cavity  near th e  s e p a ra tio n  p o in t  was th u s  
p r e d ic te d  t o  be  a  means o f  s h i f t in g  th e  s e p a ra tio n  p o in t f u r th e r  
downstream.
Baysal and S ta l l in g s  [49] performed calcu la tions on a range of 
(1/0=6,12,16) tw o-dim ensional c a v i t i e s  a t  Mach 1 .5  and compared th e  
c o m p u ta tio n a l and e x p e r im e n ta l  p r e s s u r e  d a t a .  Two-dim ensional 
occputaticns o f th e  midplane flow in  and around an a irb o rn e  te le sc o p e  
c a v ity  a t  Mach 0 .8  were perform ed by V enkatapathy e t  a l .  [50] w ith 
compar isons to  experim ental measurements o f  th e  stream w ise v e lo c i ty  
component, t o t a l  p re s su re , mass flux  and Mach number. Other numerical 
s tu d ies  u s in g  th e  E u le r o r  p o te n t ia l  eq u a tio n s  f o r  tw o-dim ensional 
cav itie s  have been performed and are  summarized by Kdnerath e t  ail. [7]
Suhs [50] has presented a ccnputaticnal cap ab ility  fo r  p red ic ting  
th e  f lo w f ie ld  in  a  three-dim ensional cav ity . The chimera embedded g rid  
scheme was used to  sim plify th e  g rid  generation p rocedu re . An im p l ic i t  
N a v ie r -S to k e s  code w ith  a  t h i n  l a y e r  a p p ro x im a tio n  was u se d . 
Ocnputaticns fo r  a  three-dimensional re c ta n g u la r  c a v ity  were made and 
ccnpared w ith experimental data a t  Mach numbers 0.74 and 1.5.
R izzeta [51] presented a numerical so lu tion  fo r th e  unsteady flow 
over a  three-dim ensional cav ity  a t  a  free  stream Mach number o f 1.5 and
Reynolds number o f  1 .5 x l0 6 . The s e l f  su s ta in e d  o s c i l l a to r y  m otion 
w ith in  th e  cav ity  was generated numerically by in teg ra tio n  o f th e  tim e- 
dependent com pressib le  th ree -d im en sio n a l N avier-S tokes e q u a t io n s .  
Ocnparisons w ith experimental data were made in  terms of th e  mean s t a t i c
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pressure and o v era ll acoustic  sound pressure le v e ls  w ith in  th e  c a v ity , 
a s  w e ll a s  w ith th e  acoustic  frequency spectra  o f th e  o s c il la tio n  along 
th e  cav ity  f lo o r  and re a r  bulk head.
B aysal, e t  2d .  [52] performed ca lcu la tions on three-dimensional 
deep and shallow  c a v i t i e s  o f  two L/D r a t i o s  (I/D  = 6 and 16) f o r  
su p erso n ic  flow . The com putational re s u lts  were found to  ccnpare well 
w ith th e  experimental data  o f  S ta llin g s  and Wilcox [29] along th e  cavity  
cen te rlin e .
Many ccnputaticnal investigations [32-52] have been conducted to  
s tu d y  th e  f lo w f ie ld  in s id e  tw o-dim ensional and th ree -d im en sio n a l 
rectangular c a v it ie s . A ll o f these investigations have focused only  on 
open c a v ity  flow s. None o f than have shown th e  c ap ab ility  to  co rrec tly  
model closed and tra n s it io n a l cav ity  flows. The cu rren t research  e f f o r t  
was in i t ia te d  to  model a l l  flow p a tte rn s  (closed, open and tra n s itio n e d ), 
and a l l  flew regimes (subsonic, transon ic  and supersonic).
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Chap ter  3 
HQSICAL EE9CKEFHCN
The p resen ce  o f  a  c a v ity  in  a  f l a t  p la te ,  changes th e  flow  
s tru c tu re  in  i t s  v ic in ity  and causes a  s ig n if ic a n t increase in  th e  f lu id  
dynamic drag. The flow w ith in  a  rectangular cav ity  i s  ocnplex, v o r tic a l, 
th ree -d im en sio n a l and unsteady  a s  in d ic a te d  by a  g ro w in g  body o f  
experim ental ev idence. The cav ity  can be c la s s if ie d  depending upcn the  
ra t io  o f  th e  c a v ity  le n g th  to  i t s  d ep th , a s  deep, t r a n s i t i o n a l  and 
shallow [29]. A deep cav ity  i s  one wherein th e  I/D  r a t io  i s  le s s  than 10 
and th e  cav ity  w ith I/D  g re a te r  than 13 i s  ca lled  a  shallow cav ity . When 
th e  I/D  o f  a  c a v ity  i s  between 10 and 13, i t  i s  ca lled  a  tra n s itio n a l 
cavity .
The flow  in  a  rectangular cav ity  i s  characterised  by i t s  length 
to  depth ra t io .  In  general, data  availab le  in  l i te r a tu re  show th a t  there  
a re  two fundam entally  d i f f e r e n t  types o f cav ity  flcw fie lds which have 
been c la s s if ie d  as open and closed cav ity  flows. As i l lu s t r a te d  in  F ig .
3 .1, fo r  a  shallcw cav ity , th e  flcw field  i s  generally  o f the  closed flow 
type. For th i s  case, th e  shear la y e r  expands over th e  c a v ity  lead in g  
edge, impinges on th e  f lo o r  and e x its  ahead of th e  re a r  face. Typical 
cav ity  f lo o r  pressure fo r  th i s  case co n sis ts  o f low p re s su re s  occuring  
in  th e  expansion region behind th e  f ro n t face followed by an increase in  
pressure and a p re ssu re  p la te a u  occuring  in  th e  impingement reg io n . 
F u rth e r downstream, as th e  shear lay e r approaches th e  cav ity  re a r  face, 
th e  pressure lev e ls , again increase and reach a  maxi ram value ju s t  ahead
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o f th e  r e a r  fa c e . Hie local flows over the  cavity  f ront and re a r  faces 
fo r  closed cavity  flow field have s im ila r i t ie s  to  th e  flow over rearw ard 
facing and forward facing steps, respectively .
In  th e  case o f  a  deep cavity , high p re s su re s  ahead o f  th e  r e a r  
face, venting in to  th e  low pressure region downstream o f th e  f ron t face, 
cause th e  shear lay er to  flow over o r b rid g e  th e  c a v ity . T h is ty p e  o f 
f lo w fie ld  i s  g e n e ra lly  re ferred  to  as "Open cav ity  Flow". The pressure 
co effic ien ts  over th e  cavity  flo o r a re  s lig h tly  p o s itiv e  and r e la t iv e ly  
c o n s ta n t w ith  th e  exception o f a  small adverse pressure gradient ahead 
o f the  re a r  face, th a t  i s  associated with the  shear la y e r  in p in g in g  on 
th e  ou ter edge o f th e  re a r  face.
In  th e  case o f  a  tra n s itio n a l cavity , th e  cav ity  flo w fie ld  i s  on 
th e  verge o f changing from a  closed cavity  flow to  an open cav ity  flow 
and i s  re fe rred  to  as  'T ransitiona l c av ity  Flow" [29 ]. For t h i s  c ase , 
t h e  s h e a r  l a y e r  t u r n s  th ro u g h  an ang le  to  e x i t  from th e  c a v ity , 
c o in c id e n t w ith  im pinging on th e  c a v i ty  f l o o r  r e s u l t i n g  in  th e  
impingement shock and e x i t  shock c o lla p s in g  in to  a  s ing le  wave. The 
corresponding pressure d is trib u tio n  shows th a t th e  ex ten t o f the  p lateau 
p r e s s u r e s  in  th e  im pingem ent reg io n  d im in ishes and th e  p re ssu re  
increases uniformly from the  low values in  th e  reg ion  a f t  o f  th e  f ro n t  
face to  th e  peak values ahead of th e  re a r  face.
The same basic  type of flow occurs on th e  c e n te r l in e  o f th r e e -  
dimensional cav itie s  even when the width i s  much, sm aller than th e  length 
as has been shown by F a il, e t  a l .  [53]. There i s  however, an im portan t 
d if fe re n c e  between th e  flow associated  with t wo and three-dimensional 
c a v itie s . In  the  two-dimensicml case, th e  ed d ies  in  th e  c o m e rs  o f  a 
shallow  c a v ity  and th e  s in g le  c a p tiv e  eddy in  a  deep cavity  w ill be
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separated  from th e  e x te rn a l stream  by d iv id in g  s tre a m lin e s . In  th e  
three-dim ensional case, th e re  i s  no such re s t r i c tion , and th e  a i r  can be 
drawn continuously in to  th e  eddies fran  th e  ex tern al stream  and escape 
in  a  t r a i l i n g  v o rte x  system  shed from th e  cav ity . Urns, although th e  
flew on th e  cen te rlin e  o f a  th ree -d im en sio n a l c a v ity  may be somewhat 
s im ila r to  th a t  in  a two-dimensional cav ity , th e  flow near the  s id es  and 
downstream w ill be qu ite  d iffe ren t.
V a rio u s  e x p e r im e n ta l  s tu d ie s  have shown t h a t  th e  flow  i s  
re la tiv e ly  symmetr ic  w ithin the  cav ity  fo r both shallow and deep c a v ity  
configurations. O il flow photographs [28] c le a rly  reveal th i s  symnetry.
3.1 Description of cavity Flow Mechanise in TWo-Dimensions
The w a te r  ta b le  s im u la tio n  study  by H e lle r  and B lis s  [23] 
revealed th a t  unsteady motion o f th e  shear lay er leads to  p e r io d ic  mass 
a d d itio n  and removal a t  th e  c a v ity  t r a i l i n g  edge in  th e  case o f  deep 
c a v itie s . In  th e  deep cav ity , th is  mass addition and removal produces an 
e f f e c t  t h a t  i s  s im ila r  to  re p la c in g  th e  cavity  re a r  bulkhead with an 
o sc il la tin g  p iston . Therefore, th e  e ffe c t  o f mass a d d itio n  and removal 
a t  th e  re a r  bulkhead i s  sometimes re fe rred  to  as "Pseudo-Piston" e ffe c t . 
This e f f e c t  g e n e ra te s  forw ard t r a v e l l in g  waves in  th e  c a v i ty  t h a t  
r e f le c t  from th e  f ro n t bulkhead and become rearward trav e lin g  waves. The 
re su ltin g  wave s tru c tu re  in  th e  c a v ity , fo rc e s  th e  sh ea r la y e r  in  am 
unsteady manner. This shear lay er motion i s  responsible fo r  th e  t r a i l in g  
edge mass addition and removal th a t  produces th e  cav ity  wave s t r u c tu r e ,  
th u s  c lo s in g  th e  feed  back loop. The energy to  su sta in  th is  process i s  
drawn frcnm the  ex ternal flow.
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Using movies o f  w a ter ta b le  sim ulation o f  cav ity  o sc il la tio n s , 
H eller and B liss  [23] have shown th e  d e ta i l s  o f  a  ty p ic a l  o s c i l l a t i o n  
cycle. A s e r ie s  o f eighteen sketches which de lineates  th e  stages o f such 
a  cycle a re  shown in  Fig. 3 .2 . These sketches, which were d e riv e d  from 
m otion p ic tu r e  fram es, sep a ra te d  by equal tim e in te r v a l s ,  shew the  
e sse n tia l fea tu res o f  th e  phenomena, i . e . , th e  shape o f th e  sh ea r la y e r  
and th e  lo c a t io n  o f  p re s su re  waves. The sketches a re  numbered in  the  
order o f th e i r  occurence and arranged in  le tte re d  rows in  F ig . 3 .2 . Each 
row can  be viewed a s  a  ty p ic a l  s ta g e  in  th e  o s c i l l a t i o n  c y c le ; an 
explanation i s  presented below corresponding to  each l e t t e r e d  row. The 
c h o ic e  o f  a  s t a r t i n g  p o in t fo r  th e  cy c le  i s  a r b i t r a r y ,  and i t  i s  
necessary to  review th e  e n t i r e  p ro cess  to  u n d erstand  com pletely  th e  
conditions a t  th e  beginning.
A: The pressure wave from the  previous t r a i l in g  edge d is tu rb a n ce  
reach es  th e  fro n t o f th e  cav ity  and re f le c ts .  Another such wave already 
re fle c te d  o f f  th e  f r o n t  w a ll approaches th e  r e a r  o f  th e  c a v ity . The 
sh ea r la y e r  i s  above th e  t r a i l i n g  edge, so th e  e x te rn a l flew cannot 
in te ra c t w ith th e  t r a i l i n g  edge to  produce d is tu rb a n c e s . Some f lu id  
leaves th e  cav ity  a t  th e  re a r.
B: The shear lay er waveform tra v e ls  rearward, reducing the  height 
o f  t h e  s h e a r  l a y e r  above t h e  t r a i l i n g  edge, which cau ses  a  new 
compression wave to  form a t  th e  r e a r  a s  th e  flow  in t e r a c t s  w ith  th e  
t r a i l i n g  edge and  th e  f l u i d  i s  added t o  t h e  c a v i t y .  The f ro n t  
ccnp ressicn  wave re f le c ts  o ff  th e  cav ity  leading edge and moves rearward 
nearly  in  phase w ith th e  shear lay er displacement. The previews rearward 
wave reaches th e  t r a i l in g  edge.
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C: Hie wave r e f le c te d  o f f  th e  f r o n t  w a ll co n tin u es  to  move 
rearward in  phase with th e  shear layer d isp lacem en t. The sh e a r  la y e r ,  
which i s  new below th e  t r a i l in g  edge a t  th e  re a r  o f  th e  cav ity , farms a 
new forward trav e lin g  ccnpression wave as th e  ex ternal flow im pinges on 
th e  back o f th e  cav ity .
D: Hie newly generated forward trav e lin g  ccnpression wave and the  
r e f le c te d ,  rearw ard  t r a v e l in g  ccnpression wave meet and in te ra c t  near 
th e  cav ity  cen te r.
E: A f te r  in te r a c t io n ,  th e  waves co n tin u e  in  th e i r  respective 
d irec tio n s . Hie ex ternal p a r t o f th e  forward tra v e lin g  wave moves in to  
th e  su p erso n ic  flow  ( in  th e  case  o f supersonic flow) causing i t  to  be 
tipped  more than th e  ex ternal flow Mach angle. The rearw ard  wave moves 
in  th e  same d irec tio n  as th e  ex ternal flow and tra v e ls  a t  subsonic speed 
re la tiv e  to  i t .  This subsonic re la tiv e  speed exp lains why th e  rearw ard  
t r a v e l in g  wave s to p s  a t  th e  shear layer. At th e  re a r , th e  shear layer 
reaches th e  t r a i l in g  edge height.
F: The sh ea r la y e r  i s  now above th e  t r a i l in g  edge heigh t. The 
wave generated a t  the  t r a i l in g  edge approaches th e  fro n t o f th e  c a v ity . 
The r e f le c te d  wave n ears  th e  re a r  o f th e  cav ity . The next step  i s  the  
same as  the  o s c il la tio n  cycle repeats.
The w ater t a b le  s im u la tio n  shown and described here app lies to  
supersonic flow . I t  i s  b e lie v ed  [23], however, t h a t  th e  p ro cess  i s  
e s s e n t ia l ly  th e  same fo r th e  subsonic flew, p a r tic u la r ly  as  regards to  
the  in te rn a l wave s tru c tu re . In  the  subsonic case, th e  forward trav e lin g  
wave w i l l  s t i l l  be supersonic re la tiv e  to  th e  ex ternal flow. The o ther 
aspects o f th e  ex ternal wave system w ill  have been changed o r  w i l l  be 
absent, fhotographs o f the  subsonic case in  a i r  a lso  ind ica te  a  tendency
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f a r  th e  downstream trave ling  shear lay e r d is tu rb a n ce s  to  r o l l  up in to  
v o rtice s . This fea tu re  i s  displayed in  Fig. 3.3.
3.2 External FLotf Etittem for the Supersonic Flow in Deep Cavities
From w a te r ta b le  s im u la tio n  r e s u l t s  and Schlieren photographs 
availab le  in  th e  l i te ra tu re , H eller and B lis s  [23] have co n stru c ted  a 
p ic tu re  o f  th e  ex ternal rad ia tion  p a tte rn  o f an o sc il la tin g  cav ity . The 
wave p a t te rn s  a t  th e  lead in g  and t r a i l i n g  edges o f  th e  c a v i ty  f o r  
d iffe re n t shear lay er positions, fo r  a supersonic flew p a s t a  cav ity  are  
shown in  Fig. 3 .4 . When the  shear lay er i s  d e f le c te d  downwards a t  th e  
t r a i l i n g  edge, th ree  basic waves can be expected as shown in  Fig. 3.4a. 
One of these  waves i s  the  upst r eam trav e lin g  wave and i t s  corresponding 
shear lay er disturbance, which t r a i l s  a  trav e lin g  wave in to  th e  external 
flow. The second o f  th e se  waves i s  a q uasi s tead y  bow wave which i s  
caused by th e  supersonic  external flow in te rac tin g  w ith the  re la tiv e ly  
b lun t cav ity  t r a i l in g  edge region. The th i r d  wave i s  an o b liq u e  shock 
th a t  occurs  when th e  flow re a d ju s ts  j u s t  behind th e  cav ity  t r a i l in g  
edge. When th e  sh ea r la y e r  i s  above th e  t r a i l i n g  e d g e , a s  when a 
downstream wave i s  a rriv ing , th e re  seems to  be no s ig n ific a n t external 
wave system. (Fig. 3.4b).
At th e  lead in g  edge, th e  p ic tu re  i s  s im p le r (F ig s. 3 .4c  and 
3 .4d). As an upstream wave approaches th e  leading edge, th e  sh ea r la y e r  
i s  b en t downward and there  i s  an expansion wave a t  th e  edge as well as 
upstream  t r a v e l in g  ccnp ression  wave. A f te r  th e  u p s tre a m  wave i s  
r e f le c te d  to  became a  downstream trav e lin g  wave, th e  ex ternal portion 
t r a i l s  away s in c e  th e  downstream wave i s  subson ic  r e l a t i v e  t o  th e
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e x te rn a l flow . At t h i s  time, th e  shear lay er i s  deflected  upward and a 
leading edge oblique shock occurs .
F igure 3.5 i s  a  s im ila rly  derived sketch f a r  high speed subsonic 
and transonic ex ternal flows. In  th is  case, th e  rad ia tio n  caused by th e  
le ad in g  edge and t r a i l i n g  edge ob liq u e  waves i s  absent. Although the  
primary c o n tr ib u tio n  to  th e  subson ic  flow  ra d ia t io n  p a t te r n  i s  th e  
e x te rn a l p o r tio n  o f  th e  upstream  trav e lin g  waive, another wave i s  a lso  
seen. This wave i s  caused by d ire c t  ex ternal rad ia tio n  from th e  unsteady 
s h e a r  la y e r  impingement a t  th e  t r a i l i n g  edge. Because th e  flow i s  
subsonic, th i s  wave can a lso  move upst r eam.
O il flow  photographs [28] o f  a  subsonic flow over a  deep cavity  
show separated flow in  th e  forward portion  o f th e  c a v ity , and v o r t ic e s  
o f  re v e rse d  flow  a f t e r  reattachm ent on the  a f t  portion  o f th e  cavity . 
These photographs ind ica te  a ocnplex, th ree -d im en sio n a l n a tu re  o f  th e  
su rfa c e  flow, which appears to  be symmetric about th e  cen te rlin e  o f the  
c a v ity . S c h lie re n  photographs f o r  th e  above c a v ity  flow  r e v e a l  no 
evidence o f  e i th e r  ccnpression o r expansion waves. Only a small region 
of separated flew i s  noticeable a t  th e  a f t  shoulder o f th e  cav ity .
3 .3  S h allo w  c a v ity
The b asic  flow field  in  th e  shallow cav ity  can be divided in to  two 
r e g io n s .  The f i r s t  h a l f  o f  th e  flow behaves l i k e  th e  flow  over a 
rearward facing step  and th e  l a t t e r  h a lf  i s  s im ila r t o  t h a t  o f  forward 
facing s tep  flew. The flow field  i s  qu ite  cctplex , as i l lu s tr a te d  in  Fig. 
3 .6 .
In  an example o f  "Breakaway S ep ara tio n "  (w herein sep ara tion  
occurs on convex c o m e rs  even though th e re  i s  a  fa v o ra b le  p re s su re
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g r a d ie n t) , th e  upstream boundary lay er i s  unable to  negotia te  th e  sharp 
corner and leaves th e  wall a t  th e  com er, s p l i t t i n g  in to  two re g io n s : 
(1) a  slow rec ircu la tin g  separated region near th e  base, and (2) a  free  
shear lay er th a t  i s  swept downstream and rea ttaches to  th e  cav ity  flo o r. 
As th e  flo w  n e g o t i a t e s  th e  90 degree tu r n  a t  th e  f r o n t  fa c e , i t  
undergoes a  ra p id  expansion. The p re s su re  w ith in  th e  s e p a ra te d  o r  
r e c i r c u la t io n  reg io n  f a l l s  much below th e  free  stream pressure. This 
e f fe c t  and th e  presence o f th e  side  w all enhance th e  cross flow which in  
tu rn  a f f e c t s  th e  separa tion  c h a rac te ris tic s . The separated shear layer 
curves downward and inpinges on th e  c a v ity  f lo o r .  The boundary la y e r  
grow s from th e  rea ttach m en t p o in t up to  a  c e r ta in  e x te n t when th e  
adverse pressure g radient from th e  re a r  face causes th e  separation close
to  r e a r  face . The flow now negotiates th e  90° tu rn  a t  th e  re a r  face and 
undergoes separation on th e  f l a t  p la te .
3.4 General Nature o f  th e  Unsteady Pressure F ie ld  
There a re  two d iffe re n t pressure flu c tu a tio n s  t h a t  occur w ith in  
th e  c a v ity , v iz ,  a  random p re ssu re  f lu c tu a tio n  and a  strong periodic 
pressure flu c tu a tio n . Karamcheti [8] found t h a t  th e  p e r io d ic  p re s su re  
f lu c tu a t io n s  a re  accompanied by s tro n g  a c o u s tic  r a d ia t io n  from the 
c a v ity . The frequency o f  th e se  p re s su re  f lu c tu a t io n s  was found to  
in c re a se  w ith airspeed and decrease as  the  cav ity  length was increased. 
In  very deep c a v itie s  (I/D = 1 and 2 ) , th e  p re s su re  f lu c tu a t io n s  a re  
m ainly p e r io d ic  b u t as th e  cav ity  depth i s  decreased, th e  fluc tuations 
become random in  c h a r a c te r . For th e  shallow  c a v ity  ( I / D > 10), th e  
spectrum  i s  smooth and covers a  broad band o f frequencies shewing th a t
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th e  pressure  flu c tu a tio n s  are random in  character. The randan ccnpcnents 
o f  p re s su re  f lu c tu a tio n s  predominate in  shallow c a v it ie s . As th e  depth 
o f th e  cav ity  i s  increased, peaks occur in  th e  sp e c tra  in d ic a tin g  th a t  
p e r io d ic  p ressu re  fluc tua tions a re  superinposed upon th e  random lev e ls . 
For th e  d eep er c a v i t i e s  (I/D  = 1 and 2 ) ,  t h e  p e r io d i c  com ponent 
predominates and th e  randan ccnponent becomes q u ite  small.
In  g e n e ra l , th e  unsteady p r e s s u r e  a c t i n g  in  and  around  a 
re c ta n g u la r  c a v ity  in  a  su b so n ic /tran so n ic  o r  supersonic airflow  may 
contain both random and p e rio d ic  components. The random component i s  
seen in  c a v i t ie s  where I/D  > 4 and th e  period ic  ccnponent predominating 
in  c a v itie s  where I/D  < 4. Ihe random ccnponent i s  most in tense near the  
re a r  w all o f th e  cav ity , bu t fo r  very shallow c a v it ie s  a  lo ca l region of 
in tense pressure  fluc tua tions occurs where th e  flow  re a t ta c h e s  to  th e  
f lo o r o f th e  cav ity .
The p e r io d ic  p re s su re  f lu c tu a t io n s  a re  due t o  an  a c o u s t ic  
resonance w ith in  th e  c a v ity , e x c ite d  by a  phenomenon s im ila r to  th a t 
causing e d g e -to n es . The p e r io d ic  p re s su re  f lu c tu a t io n s  may be very  
la rg e ; rms values up to  0.35 tim es the  free  stream dynamic pressure have 
been measured.
3 .5  Mach and Reynolds R a t e r  Effec ts  
Mach number a ffe c ts  th e  pressure d is tr ib u tio n  on th e  c a v ity  r e a r  
f a c e  and  f l o o r  c lo s e  t o  th e  r e a r  fa c e , in  b o th  shallow  and deep 
c a v itie s . As th e  Mach number i s  increased , th e  p re s su re  on th e  c a v ity  
r e a r  fa c e  and f lo o r  c lo se  to  th e  r e a r  face  decreases. In  th e  case of 
deep c a v i t i e s ,  th e  pe rcen tag e  o f  d e c re a s e  in  p r e s s u r e  i s  low in  
comparison w ith shallow c a v itie s . The resonant frequencies increase with
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Mach number as  th e  R o s s i te r  equ atio n  p re d ic ts .  The broadband le v e ls  
decrease as th e  Mach number increases.
Mary inv estig a to rs  have studied the influence o f Reynolds number 
on c a v ity  flows. Ihe general conclusion th a t  emerges i s  th a t  beyond the  
tra n s itio n , th e re  i s  no s ig n ific a n t influence o f Reynolds number on th e  
d a t a .  S aroh ia  [54] has shown th e  r e s u l t s  on th e  v a r ia t io n  o r  la c k  
thereo f in  o sc illa to ry  c h a r a c te r is t ic s  w ith  v a ry in g  Reynolds number. 
Shaw [30] observed t h a t  th e  broadband lev e ls  show an ordered increase 
with increasing Reynolds number.
3.6 Effect of Boundary layer Thickness
Ihe e f fe c t  o f v a ria tio n  of th e  ra t io  o f boundary lay er th ic k n e ss  
a t  th e  l i p  t o  c a v ity  dep th  (5/D), cn th e  pressure d is tr ib u tio n  on the 
c a v ity  w a lls , h as  been s tu d ie d  by S t a l l i n g s  and W ilcox [29] f o r  
su p erso n ic  flow . Plentovich [31] studied the  influence o f th e  incoming 
boundary la y e r  th ic k n e s s  (5) a t  th e  c a v i t y  l i p  on th e  p r e s s u r e  
d i s t r ib u t io n  f o r  tra n s o n ic  and subsonic flows. Ihe re s u lts  from these 
two stu d ies  suggest th a t  th e  pressure cn the re a r  face and a f t  region of 
th e  cav ity  flo o r increase w ith decreasing 5/D.
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F i g .  3 . 1  S k e t c h e s  o f  c a v i t y  f l o w f i e l d  m o d e l s






F ig . 3 .2  T y p ic a l p r e s s u r e  o s c i l l a t i o n  c y c le .  (3) Mass rem oval s to p s ;  
(4) Mass a d d i t io n  s t a r t s ;  (12) Mass a d d i t io n  en d s;
(13) Mass rem oval s t a r t s .




F ig .  3 .3  Shadowgraph v i s u a l i z a t i o n  o f r e s o n a t in g  c a v i ty  a t  
su b so n ic  flow  sp eed s
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The governing equations o f the  p re se n t a n a ly s is  a re  th e  th r e e -  
d im ensional tim e-dependent, com pressib le  N avier-S tdkes equations in  
terms o f mass averaged v ariab les . Ihe Navier-Stokes e q u a tio n s  d e sc r ib e  
th e  com pressib le , v iscous f lu id  flew where th e  continuum assunpticn i s  
v a lid . These eq u a tio n s  can be w r it te n  in  C a rte s ia n  c o o rd in a te s  and 
conservative form [55] as
0U /0t + dF/dx + 3G/gy + 3IV3Z = 0 (4.1)
where
■ p ■ ~PU PV PW
PU puu — 7 + pXX F PUV -  ^ PUW -  ^
PV F = PUV -  7 xy G = P w  "  Ty y +  p H =
pW -  Tyz
pw PUW -  7xz PVW -  7yz PWW -  Tzz +  p
PE _(P E  + p )U  -  k ^ _(PE + p ) v  -  k 2_ J P E  + p )w  -  k j .
and, *1“ u T +XX V 7 + xy w
Txz
u 7 + xy V T  +yy w
Tyz
*3= u T +XZ V 7 + zy w Tzz
The s tre s s  and flux  terms used in  the  above equations a re  given by 
Txx = 2 M (dv/dx "  V>V)
Tyy = 2 /* (0v/0y -  V.V) where, v .V = 0u/0x + 0v/gy + 0w/0z
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ZZ =  2  11 f t " / 32  “  v -V)
Txy = Tyx = 11 (2,u/2)y + 3v/3x) 
Txz = zx = M (au/3z + 3w/ 3x)
Ty z  =  Tz y  =  M (3w /3y  + 3V /3Z )
= -  k  3T/3X q^ = -  k  ?V 3y , = -  k  3T/3Z
Hie to t a l  energy E and in te rn a l energy e  a re  given by 
E = e  + 1/2 (u2+ v2+ w2) , and e  = cvT (4.2)
Hie p e rfec t gas law,
p = (7 -  1) Pe = PRT (4.3)
and Sutherland 's laminar v isco s ity  law have been used to  com plete th e  
system  o f  e q u a tio n s . For tu rb u le n t  flow , th e  t o t a l  v is c o s i ty  n ,  i s  
defined as th e  sum o f  lam inar v is c o s i ty  (m1) and th e  tu rb u le n t  eddy
v isco s ity  ( /^ ) . Hie eddy v isco s ity  has been calcu lated  from an algebraic
turbulence model.
The above eq u a tio n s  a re  w r i t te n  f o r  th e  p hysica l domain with 
coordinates x ,y ,z . These equations a re  transform ed to  th e  g e n e ra liz e d  
c o o r d in a te s  £ , v and £ . A boundary f i t t e d  c u rv i l in e a r  co o rd in a te  
transform ation i s  used fo r  t h i s  purpose. I t  tran sfo rm s th e  p h y s ica l 
domain (x ,y ,z )  w ith  non-uniform  mesh spac in g s  to  th e  com putational 
domain (£,v,£) with uniform mesh spacings. Hie transformed eq uations in  
strong conservation form can be w ritten  as
3(JU )/3t + 3(Bn F + B21G + B31H )/a | +
^(B^F + B22G + B32H)/dv  + 3(B13F + B^G + B ^ H )/^  = 0 (4.4)
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v*ere, J= x ^  x ^
Bn  = v r  B2i  = v - r  ®3i = v r  v ?
B12 = y£Z£~ y| Z£ B22 = X£Z£~ X£Z£ B32 = X£y£~ X£Y£
B13 = *i ZV- V |  B23 = V ? "  B33 = X* V  V *
Hie q u an titie s  x ^ ,x v,x^,y^ ,y^ ,y^ ,z^ ,z^ ,z^  a re  th e  tran sfo rm atio n
m e tric  c o e f f ic ie n ts  and J  i s  the  jaccbian o f th e  transform ation. These 
m etric co effic ien ts  are  input to  th e  main flow program and must be known 
a t  each mesh po in t. Owing to  th e  use o f Cartesian g rid  w ith stre tch ing , 
th e  above equation reduces to
3(JU )/3t + 3(Bn F )/3 | + d(B22G)/Zv + 3(B33H)/3£ = 0 (4.5)
4 .1  HnbuLence Model
The s tu d y  o f  th e  nature o f tu rbu len t flow and adequate modeling 
o f Reynolds s tre sse s  a re  cu rren t subjects o f research  and have n o t y e t 
been f u l l y  understood . A ll o f  th e  developm ents in  th is  f ie ld  so fa r  
s t a r t  w ith th e  time averaged Navier-Stokes e q u a tio n s . These eq u atio n s  
a re  e x ac t eq u a tio n s , b u t s in c e  th ey  a re  tim e  averaged, th e y  do not 
contain enough in fo rm ation  about tu rb u len c e  to  form a c lo se d  s e t  o f 
eq u a tio n s . The p ro cess  o f replacing the  exact but insolvable equations 
by approximate but solvable ones i s  ca lled  "modeling".
The m odeling o f  tu rb u len c e  i s  com plicated  by th e  f a c t  th a t  
several length sca les  e x is t which control the  generation, tr a n s p o r t  and 
d is s ip a t io n  o f tu rb u le n t  k in e t ic  energy. A universal model which can 
com pletely  d e sc r ib e  tu rb u le n t  flow s h a s  n o t  y e t  been  d e v e lo p e d . 
T here fo re , a  sim ple  em p irica l model th a t  can e s tim a te  com pressible
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tu rbu len t boundary layers with separated flow  h as  been s e le c te d . This 
b a s ic  tw o -lay e r a lg e b ra ic  turbulence model was proposed by Cebeci and 
Smith [56]. I t  i s  based on th e  Boussinesq approximation o f m odeling th e  
Reynolds s tre sse s  by an eddy v isco s ity  (or tu rbu len t v is c o s ity ) , s im ila r 
to  molecular v is c o s ity  (o r lam inar v i s c o s i ty ) . T his model was l a t e r  
m odified  by Baldwin and Lanax [57] fo r  app lication  in  f in i t e  d ifference 
flew so lvers. Ihe model i s  reasonably accurate in  separated re g io n s  and 
wake re g io n s . I t  has been used in  many s tu d ie s  involving high speed 
tu rbu len t flews, with mixed re su lts .
The m ixing len g th  model employed in  th e  Baldwin-Lomax model 
d iv ides th e  shear  lay er in to  an inner and ou ter region, and i s  patterned 
a f t e r  a  method developed fo r  a tta ch e d  boundary la y e rs  by Cebeci and 
Smith [56]. In  th e  in n e r  reg io n , th e  eddy v is c o s i ty  i s  g iv en  by th e  
Prandtl-Van D riest formulation,
m. = P (k y D)2 1 <o | (4.6)
where, = th e  inner region eddy v isco s ity
p = density  
| o) | = magnitude o f v o r tic ity
k = 0.4, the  Von Karman's constant 
y = normal distance from the  wall 
D = 1 -  e x p ( - y ( | / ^ ‘)/(AwL))
where, D deno tes th e  Vein D r ie s t  danping function to  take  in to  account
th e  molecular v isco s ity  near th e  w all.
A = 26.0, em pirically
T„  = wall shear s tre s s  w
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= th e  laminar kinematic v isco s ity
In  th e  inner region, the  mixing length 1^= k y D i s  thus sp e c if ie d  in  a
n e a r l in e a r  fa sh io n . In  th e  separated regions, the  magnitude o f ^  can
be used to  ca lcu la te  the  damping function.
In  th e  o u te r  reg io n , th e  Cebeci-Sm ith model uses th e  Clauser 
defec t law to  specify  th e  eddy v isco sity  as
Mo = K  P W *  <4*7>
where, n = ou ter region eddy v isco s ity
K = th e  Clauser constant, 0.0168 
Ujjjgjj = th e  boundary lay er edge velocity
s* u> ^ n x
■flp
where, denotes th e  displacement thickness,
In  o rd e r to  avo id  th e  need o f  find ing  u ^ ^ and 8*, Baldwin and 
Lomax replaced the  Clauser formulation by th e  re la tio n
Mo = p K CcpFwakeFk ld ) (4,8)
where, i s  a  c o n s ta n t in  a d d itio n  t o  K and i s  = 1 .6 . The o th e rcp
q u an titie s  in  Eq. (4.7) are  defined as 
Fwake “  ^max^max
Fkleb = interm ittency correction
-  [1 + 5.5 ( S a e t / Z W 6! _1
Fmax = max:™L:nT1 o f y | “ | D 
constant, 0.3
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The o u t e r  fo rm u la t io n  th u s  u ses  th e  d i s t r ib u t io n  o f  v o r t i c i t y  to  
determi ne th e  length  sca le s  in  co n tra s t to  th e  use o f  th e  boundary lay er 
edge inform ation, as in  th e  Oebeci-Sffiith model.
Ihe  inner and th e  o u te r  eddy v is c o s i ty  m odels a re  combined to  
form th e  tu rb u le n t  eddy v is c o s i ty  in  th e  following manner. F ir s t ,
p ro f ile s  o f ^  and a re  ob ta ined  on each c o o rd in a te  l in e  em anating
from  t h e  b o u n d a ry . T h is  im p lie s  t h a t  th e  c o o r d in a te  l in e s  a re  
orthogonal. Ihe f i r s t  p o in t nearest th e  boundary a t  which pu exceeds nQ
i s  denoted  th e  " c ro ss -o v e r  p o in t" . Ihe tu rb u len t eddy v isco s ity  i s
then equal to  f o r  a l l  p o in ts  between th e  boundary and c ro s s  over
p o in t and i s  equal t o  /iQ fo r  a l l  po in ts above and including th e  cross
over po in t.
Minor m odifications to  th e  model have been done a t  a l l  th e  po in ts 
w ithin th e  cav ity . For th ese  po in ts , th e  eddy v isco s ity  i s  calcu la ted  by
1 -  exp(-x/108) (4.9)' t  = W  « W  V
In  Eq. (4 .8 ), i s  th e  unaltered  Baldwin-Torax value, i s  th e  value
a t  th e  upstream l ip  and 8 i s  th e  instantaneous boundary lay er thickness 
a t  the  upstream l ip .  Note th a t  and 8 a re  a l l  e v a lu a te d  a t  th e
same spanw ise lo c a t io n , and x i s  th e  stream w ise d is ta n c e  from th e  
com er. This m odification i s  known a s  th e  re lax a tio n  model [5 8 ], which 
h a s  b een  shown t o  work w e ll f o r  o th e r  num erical c a lc u la t io n s .  I t  
accounts fo r  th e  h is to ry  e ffe c ts  o f the  f lu id . Ihe eddy c o e f f ic ie n t  (
has been s e t  to  zero a t  a l l  the  so lid  surfaces.
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4.2 Initial and Boundary conditions
In  com putational f lu id  dynamics, th e  in i t i a l  conditions usually  
correspond to  a  re a l s itu a tio n  fo r  a  tra n s ie n t problem, o r a  rough guess 
fo r  a  steady s ta te  problem. In p rac tice , i n i t i a l  conditions a re  obtained 
from experiments, em pirical re la tio n s , approximate th eo ries  o r  p rev io u s  
c o m p u ta tio n a l r e s u l t s .  An im p ro p er i n i t i a l  guess may r e s u l t  in  
generating u n re a lis t ic  s t rong tra n s ie n t waves which propagate throughout 
th e  c o m p u ta tio n a l re g io n  and  may r e s u l t  in  s o lu t io n  f a i l u r e .  An 
important requirement fo r  the  i n i t i a l  condition i s  t h a t  th e y  should  be 
physically  as c lose  as  possib le  to  th e  actual nature o f  the  flow field  in  
the  region under study.
A reasonable approach has been to  in i t i a l i z e  th e  e n tire  flow field 
above th e  cav ity  w ith th e  inflow co n d itio n s . Depending on th e  ty p e  o f  
c a v ity  (shallow  o r  d eep ), th e  i n i t i a l  conditions have been varied . In  
th e  case o f deep c a v itie s , the  flow w ithin th e  cav ity  i s  subsonic which 
was known a  p r i o r i  from experim en tal o b se rv a tio n s . T herefo re  th e  
v e lo c ity  inside th e  cav ity  has been spec ified  as 10% o f i t s  f r e e  stream  
v a lu e . In  the  case o f shallow c a v itie s , th e  shear lay er impinges on the  
cav ity  flo o r. Therefore, an approximate v e lo c i ty  p r o f i l e  c lo se  to  th e  
in f lo w  v e lo c i ty  p r o f i l e  has been s p e c if ie d  w ith in  th e  c a v ity . The 
pressure and temperature w ithin th e  cav ity  have been s e t  to  f r e e  stream  
value.
Correct boundary conditions a re  e sse n tia l to  th e  success o f  any 
num erical c a lc u la t io n .  T he ir s p e c if ic a t io n  i s  th e  most demanding and 
e rro r  prone ta sk  involved in  s e t t in g  up a  problem . S ix  fa c e s  re q u ire  
a tte n tio n  in  th e  sp ec ifica tio n  o f boundary conditions.
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4 .2 .1  ifan  and Cavity Surfaces
On so lid  surfaces, a  no -slip  boundary condition has been used so 
th a t  a l l  th e  velocity  ccnpcnents vanish. In  th e  four ccnputational t e s t  
c a s e s  t o  b e  d is c u s s e d  l a t e r ,  th e  w a ll has been considered  to  be 
ad iaba tic . Ihe  pressure a t  th e  s o l id  su rfa c e s  has been o b ta in ed  by a 
z e ro th -o rd e r  extrapolation from the  in te r io r  po in t value o f pressure in  
a  d irec tio n  normal to  th e  w all. The density  has been obtained u s in g  th e  
s ta te  equation.
u = 0  v  = 0 w = 0
dp/an = 0 3T/3n = 0
4 .2 .2  Dos tie a a  o r  Tnflrw nmd-it-iraR
The in flow  boundary i s  perpendicular to  the  flow d irec tio n . In 
th e  sup erso n ic  flow  c a se s , (except in  th e  subsonic p o r tio n  o f  th e  
boundary la y e r  c lo se  to  th e  wall) a l l  flow c h a rac te ris tic s  poin t from 
th e  outside towards th e  inside o f the  com putational domain. T herefore
a l l  elements of th e  so lu tion  vector U in  Eq. (4.1) have been specified  by 
a  p ro f ile  generated losing th e  boundary la y e r  eq u a tio n s . On th e  o th e r  
hand in  th e  subsonic and tra n so n ic  (Mach 0.9) flow c a se s , a l l  flew 
ch a rac te ris tic s , except one, po in t fran  o u ts id e  tow ards th e  in s id e  o f 
th e  com putational domain. Therefore, only th e  variab les  u, v, w, and T 
a t  th e  in flow  have been s p e c if ie d . The p re s su re , however, has been 
extrapolated fran  the  ccrputational domain, to  allow fo r th e  information 
to  be propagated upstream. The pressure in s id e  th e  boundary la y e r  has 
been m ain tained  a t  th e  value extrapolated fo r th e  boundary layer edge. 
This s inp le  ex trapolation  o f the  pressure fran  inside th e  com putational 
domain has worked in  th e  case  o f cavity  flows because th e  geometry a t
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th e  inflow i s  a  f l a t  p la te . Ihe upst ream boundary la y e r p ro f ile  has been 
generated by a  separate ca lcu la tion  o f th e  f l a t  p la te  boundary layer.
u = u(y) v  = v(y) w = 0 T =T(y)
supersonic inflow: p = p ^
subsonic inflow: p1 ■ = p_ • (fo r j  above th e  boundary lay e r edge)
p, • = p0 (fo r j  w ithin the  boundary layer)±fj  e
Pe  = value o f pressure a t  th e  boundary lay e r edge
4.2.3 Outflow car Exit Oonditions
When th e  outflow  i s  su p erso n ic  (w ith  th e  e x c e p t io n  o f  th e  
subson ic  p o r t io n  o f  th e  boundary layer adjacent to  th e  v a i l ) , a l l  th e  
flew c h a ra c te r is tic s  po in t from the  inside o f th e  com putational domain 
to  th e  o u ts id e . T herefo re  a l l  flow v ariab les  a t  th e  outflow have been 
d e te rm in e d  from  th e  i n t e r i o r  flo w  s o lu t io n  by a  z e r o th - o r d e r  
e x tra p o la t io n . When the  outflow i s  subsonic, only one an a ly tic  boundary 
condition i s  required  since th e re  i s  only one incoming c h a r a c te r i s t i c .  
T h ere fo re  s t a t i c  p re s su re  a t  th e  outflow boundary has been specified . 
A ll o th e r  flo w  v a r i a b l e s  hav e  been  o b ta in e d  by a z e r o th - o r d e r  
ex trapo lation . Thus,
3u/dx = 0 3V/3X = 0 3w/3x = 0
3T/3X = 0 3p/3x = 0 (supersonic outflow)
3T/3X = 0 Pexit  p ^  pressure (subsonic outflow)
The sim ple z e ro th -o rd e r  e x tra p o la t io n  type boundary condition a t  the  
e x it  plane has worked reasonably well because o f th e  f l a t  p la te  geometry 
w ith no curvature.
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4.2.4 far Field oar Outer Bomdarv
The f a r  f ie ld  re fe rs  to  th e  flow field  a t  a  d istance away fran  th e  
body which i s  s ig n ific a n tly  g rea te r than th e  length  s c a le  o f  th e  body. 
The b o u n d a ry  c o n d i t io n s  have  b een  s p e c i f i e d  by z e r o th - o r d e r  
ex trapo lation  fran  in side  th e  computational dona in , fo r  outflow , and a s  
free s tream  c o n d itio n s  f o r  in flow . The pressu re  values, however, have 
been assumed to  be freestream  a t  th is  boundary since th e  normal flow  i s  
always subsonic.
du/dn = 0 dv/dn = 0 dw/dn = 0 
81 /dn = 0
4.2.5 Svnmetrv Plane
On th e  plane o f  symnet r y , th e  following boundary conditions have 
been used:
du/dn = 0 dv/dn  = 0  w = -w 
dT/dn = 0 dp/dn = 0




The geometric configurations considered in  th is  s tu d / co n sis t of 
a  h a lf  span model. A schematic o f  a  f u l l  span model i s  shown in  F ig . 
5.1a. I t  has been found from experimental observations th a t  cav ity  flews 
a re  almost symnet r ic  about the  cav ity  cen te rlin e  (streamwise d ire c tio n ) . 
In  order to  reduce the  cxaputational time and storage space, a  h a lf  span 
cav ity  has been modeled, one o f th e  models i s  shown in  F ig . 5 .1 b . The 
surround ing  com putational domain has been described by a  non-uniform 
c artes ian  mesh.
The f i r s t  ta s k  carried  out has been th e  se lec tio n  o f a  su itab le  
g rid  arrangem ent. The cho ice  o f th e  g r id  arrangem ent, which i s  n o t 
un ique, depends on th e  nature o f th e  flow and geometric configuration. 
Hie number o f  g r id  p o in ts  and th e  a s so c ia te d  g r id  sp ac in g s  must be 
chosen based upon c o n s id e ra tio n s  l ik e  th e  computer s to ra g e  and run 
tim es, th e  accuracy of th e  so lu tion , th e  p h y s ica l d im ensions, and th e  
boundary lay er thickness.
In  th e  p resent analysis , three-dimensional rectangular g rid s  have 
been used since the  geometry has s tra ig h t boundaries. Depending upon the 
dimensions o f the  cav ity , g r id  s iz e  has been s e le c te d  ju d ic io u s ly  to  
m odel th e  p h y s ic s .  One im p o rtan t p o in t to  be noted  h e re  i s  t h a t  
st r etched g rid s  a re  needed in  a l l  the  th ree  d irec tio n s , v iz , x, y and z, 
so t h a t  th e  e n t i r e  c a lc u la t io n  domain, which ex tend  to  several step  
s ize s  can be covered w ith  a  reaso n ab le  number o f  g r id  p o in ts .  Large
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g r a d ie n t s  o f  t h e  flo w  p r o p e r t i e s  in  t h e  r e c i r c u l a t i o n  reg io n , 
n e c e s s ia te s  th e  use o f s tre tc h e d  g r id s  in  th e  x and z d i r e c t i o n s ,  
s im i la r ly  th e  g rid s  a re  to  be st r et ch ed c lose  to  th e  so lid  w alls, where 
th e  grad ien ts o f th e  flow p roperties a re  high.
The geometry and g r id  s tru c tu re  fo r  a  sample case a re  shewn in  
F ig . 5 .2 . The g r id s  fo r  a l l  th e  g e o m e tr ie s  hav e  been  g e n e ra te d  
a lg e b ra ic a lly . Ihe  cav ity  geometry has been divided in to  several zones. 
An exponential s t r e tching function has been used to  c lu s te r  th e  g rid s  in  
each zone as  shown belcw
(eaq fo -l) /(expk- l)Y = \ a x (5.1)
w h ere , Y ^ y  = th e  maximum v a lu e  o f  Y in  th e  com putational domain.
Depending on th e  regions where c lu stering  i s  required th e  v a r ia b le  k  in  
th e  above eq u atio n  has been chosen. Ihe g rid s  have been clustered  near 
th e  so lid  w alls and th e  shear layer.
5.1 Solution Algcritte
I t  i s  very important to  choose an appropriate numerical scheme to  
so lv e  th e  flow . The requirem ents fo r  th e  curren t problem are  th a t  the  
numerical scheme should be tim e a c c u ra te , sim ple to  code, and h ig h ly  
v e c to r iz a b le . The two step  e x p lic it  MacCormack's [59] scheme s a t is f ie s  
a l l  these  conditions. Therefore i t  has been used in  th is  study.
The MacCormack's scheme i s  a  Lax-Wendroff type scheme in  which
i s  approximated by a Taylor s e r ie s  expansion about U —^  w ith  th e
tim e  d e r iv a t iv e  s u b s t i tu te d  by th e  s p a t i a l  d e r iv a t iv e s ,  u s in g  th e  
governing equation. This re su lts  in  a  second o rd e r a cc u ra te  scheme in
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tim e and space . T his e x p lic it  method has re s t r ic tio n s  cn th e  time step  
o f in teg ra tion  At as  given by Courant-Freidrichs-Iewy number. For tim e 
a cc u ra te  unsteady  s o lu t io n s , t h i s  method i s  widely used. I t  has been 
used to  solve Euler and Navier-Stokes eq u atio n s  f o r  s e v e ra l p r a c t ic a l  
flow s i tu a t io n s ,  in c lu d in g  lam inar and tu rbu len t boundary layer-shock 
in te rac tio n . Ihe p redictor-correct o r e x p l i c i t  a lg o rith m  i s  summarized 
below in  general coordinates, 
f te d ic ta r  Step:
d if fe re n c e  and < and denote backward sp a tia l d ifference in  the
w ith  th e  f i r s t  s u b s c r ip t  in d i c a t in g  g r id  p o in t  l o c a t io n  in  th e  
d i r e c t io n .  The c o o rd in a te  tra n sfo rm a tio n  has been chosen such th a t  
a£ = av = a £ = 1 . 0 . This two s te p  p ro cess  c o n s i s t s  o f  e v a lu a t in g  
d e r iv a tiv e s  by o n e-sided  d if fe re n c e s  tak en  in  opposite  d irec tio n  in  
a lte rn a te  steps. Although th e  operators a re  a l l  one sided by themselves, 




In  th e  preceding equations, ^ , A y  and Â  denote forward sp a tia l
£, rj, and f  d irec tions, respectively . For exanple, At F .n . v i s  given by
(5.4)
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d ifference method. Although th e  o ne-sided  d if fe re n c in g  y ie ld s  on ly  a  
f i r s t  o rd e r  accuracy , th e  combined pred ic tar-ooxrectar s tep  gives the  
second order accuracy.
The numerical s ta b i l i ty  o f th e  scheme i s  d i f f ic u l t  to  analyze in  
th e  non-linear form. Ihe most su c c e ss fu l a ttem p t to  d a te  h as  been to  
l i n e a r i z e  th e  s e t  o f  d i f f e r e n t i a l  e q u a tio n s  and th e n  s tu d y  th e  
a m p lif ic a tio n  o f  th e  F o u r ie r  com ponents o f  t h e  s o l u t i o n  by th e  
d i f f e r e n c e  m ethod a p p l ie d  t o  th e  l in e a r iz e d  s e t .  The new s e t  o f  
equations i s  then w ritten  as
a u /3 t + A 3U/3X + B 3U/3y + C dU/dz = 0 (5.5)
where A, B and C are  th e  Jaoctoian m atrices o f F, G and H w ith respect to
U. F u rth e r d e t a i l s  o f  t h i s  a n a ly s is  have been deriv ed  by MacCormack 
[60]. From th e  a n a ly s is  i t  i s  c le a r  t h a t  th e  d if f e r e n c e  scheme i s  
a cc u ra te  to  a  second o rd e r , and i s  c o n d itio n a lly  s ta b le .  The f i r s t  
requirement o f any scheme o r method i s  th a t  i t s  numerical domain include 
th e  p h y s ica l domain o f  dependence. C lea rly , i f  th i s  i s  v io la ted , th e  
numerical scheme does not have a l l  th e  d a ta  n ecessa ry  t o  advance th e  
s o lu tio n  in  tim e . On th e  o th e r  hand, th e re  a re  two reaso n s why the  
numerical domain should not be much la r g e r  them th e  p h y s ic a l domain. 
F i r s t ,  t o  o b ta in  an accurate numerical so lu tion  a t  a  given po in t which 
"sees" much more data with time than th e  time so lu tion , a  r a th e r  sev e re  
demand i s  made o f  th e  numerical method to  ignore o r  give l i t t l e  weight 
to  th e  ex tran eo u s d a ta . Secondly, th e  c o m p u ta tio n  tim e  s p e n t  in  
processing th is  unneeded data i s  re la tiv e ly  longer. Thus, fo r  s ta b i l i ty ,  
the  time step  A t i s  r e s t r i c t e d  by th e  CFL c o n d i t io n  g iv e n  by
CFL= t x msc/ AX (5-6)
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where i s  th e  maximum e ig en  v a lu e  o f  th e  s e t  o f  d i f f e r e n t i a l
e q u a tio n . T h is c o n d itio n  i s  r e f e r r e d  a s  th e  Courant-Friedrichs-Lewy 
(CFL) c o n d itio n . The l i n e a r  s t a b i l i t y  a n a ly s is  a s  ex p la in ed  above 
imposes a  r e s t r ic t io n  on th e  tim e step  in  each d irec tio n  (x,y and z ) . A 
coe-diroensicnal form o f th e  th e  s ta b i l i ty  formula can be w ritten  as
Atx <   ̂ |u|+C A  A X
"l_n
o i s  a  sa fe ty  fa c to r, 0 < a < 0 .9‘ty < [ |V|+c a a  y
A tz < £ |w |-fc  A a z ] " 1
Ihe  globed tim e s tep  i s  given by A t < min (At , A t , A t ) . In s te a d  o fx  y  z
perform ing  s e v e ra l  s te p s  to  determ ine th e  tim e increment, a  ccmnonly 
used conservative tim e s tep  r e s tr ic t io n , which i s  more s t r in g e n t  them 
th e  above re s tr ic t io n s  i s
A t < min £ | u | / a x  + |v |/A y + |w | / a z  + c \ / ( i / a x 2+  1/Ay2+ 1 /a z 2 ) J -1  (5.7)
This i s  v a lid  fo r  c a r te s ian  coordinates and ensures th e  s ta b i l i ty  o f  the  
num erical scheme. Using F o u r ie r  s e r i e s ,  a s im ila r  eq u a tio n  can  be 
derived fo r  c u rv ilin ea r coordinates as
< lulx + + W*z| + Cy/l£ + ŷ + 4 )  (5*te)
A tf < n in  | u ^  + V£y + w c j  + cV (?2 + i'Y + 4 )  (5' 8b)
* t r > < |u^x  +  V V y  + WVZ I +  + v ^  + r^z ) (5*8C)
F o r p r a c t i c a l  com putations, e s p e c ia l ly  in  reg io n  o f  sharp  
grad ien ts such as shocks, separation e t c . , the  so lu tion  tends to  exh ib it 
o s c i l l a t i o n s .  These o s c i l l a t i o n s  a re  th e  r e s u l t  o f  inadequate  mesh
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refinement in  regions o f la rg e  g rad ien ts. Here some form o f  num erical 
damping has to  be provided. In  many cases, th e  inherent damping provided 
by th e  f i n i t e  d if f e re n c e  form ula i s  i n s u f f i c i e n t  t o  c o n ta in  th e  
o v ershoo ts  and undershoots. A common p rac tice  i s  to  add a  fourth  order
damping term toAU. During th e  tra n s ie n t stages o f th e  calcu la tion , th is  
term  i s  a ls o  e f f e c t iv e  in  reducing th e  o s c il la tio n s . The fourth  order 
damping term devised by MacCormack and Baldwin [61], has  been used and 
i s  shown below.
(a x ) 3 /3 x
(Ay)4 3/3y




ep | cPp/SX2 1
f N p U W i
+ i M i s ,  e1 4T / T
+ ( M i s  e1 4T T
\ /  X2 ! ) 3U/3X
I^T /ay2 !






0 < e < 0.5 and 0 < *„ < 0.5
hr ^
The fea tu res  o f  the  numerical algorithm has been embodied in  an 
e f f i c i e n t  s o l v e r  w r i t t e n  in  FORTRAN 200 language u s in g  a  3 2 -b it  
a r i th m e tic  s p e c i f i c a l l y  f o r  th e  CYBER-205 co m p u te r, [6 2 ] .  The 
v e c to r iz a t io n  has been done in  p lan es  (X-Y) and marched in  th e  th ird  
dimension (Z -d irec tion ). This helps in  lim itin g  th e  storage requirem ent 
and proves t o  be v e ry  e f f i c i e n t  in  comparison to  t r e a t i n g  th e  g rid  
system as a s in g le  block s tru c tu re  (vectorization  in  th ree -d im en sio n s). 
At th e  completion o f each p red ic to r o r co rrecto r s tep , so lid  boundaries 
have been re s e t  to  wall conditions. This procedure re q u ire s  a d d it io n a l 
s to ra g e  o f w asted  g r id  p o in ts  w ithin so lid  surfaces, b u t provides the  
enhanced e ffic ien cy  o f long vectors and con tigu ity . Moreover, th e  added 
com plexity  o f matching th e  so lu tions a t  th e  in te rfac in g  blocks has been 
avoided  and a  seco n d  o r d e r  te m p o ra l a c c u ra c y  h a s  b een  e a s i l y
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m ain ta ined . Approximately, 3.25 m illion  words o f memory i s  required  and
a moan data  processing ra te  o f SxlO-6 cpus/time s tep /g rid  po in t has been 
achieved cn VPS-32 (CYBER -205) o f NASA Langley Research Center.
5.2 O v u la tio n a l ELcw V isualization
Computational flow v isu a liza tio n  i s  an area o f key importance in  
carputa tio n a l f lu id  dynamics research and has grown in to  a  m ajor f i e ld  
o f  re s e a rc h . One o f  th e  major problems in  sim ulating three-dimensional 
flews i s  the  d if f ic u l ty  o f  processing th e  amount o f  d a ta  necessa ry  to  
d is p la y , understand  and e v a lu a te  th e  flow  being  modeled. In  th ree - 
dimensions, flow  phenomena such a s  r e c i r c u la t io n ,  shocks and sh ea r 
la y e r s  can be d i f f i c u l t  to  id en tify  and v isu a lize . An added complexity 
i s  encountered i f  the  flow i s  a lso  unsteady. G raphical d isp la y s  o f  th e  
co n to u r s u r fa c e s , p a r t ic le  paths and th e  l ik e  can a lso  be expensive to  
g e n e ra te . As a r e s u l t ,  more computer re so u rce s  may be expended in  
an a ly z in g  and d isp la y in g  a  s o lu tio n  th an  were needed to  generate the  
so lu tion  in  the  f i r s t  p lace. D e ta ils  o f  flow  v is u a l iz a t io n  have been 
addressed in  Ref. 63.
Ihe PL0T3D [64] i s  a  major graphics app lication  program to  c rea te  
and in te r a c t iv e ly  view flow field  so lu tions. I t  i s  an application  level 
program in  th a t  i t  deals sp ec if ic a lly  w ith ccnputational f lu id  dynamics 
g r id s  and d a ta . In  th e  c u rre n t research e f fo r t ,  th is  program has been 
used extensively to  represent the  la rg e  amounts o f data p ic to r ia lly .
P lo ts  o f  s c a la r  v a r ia b le s  and v e c to r  f ie ld s  give a  map of the  
f lu id  s ta te ,  bu t often  do not provide a  c le a r  p ic tu re  o f th e  f lo w f ie ld , 
in c lu d in g  flow  s e p a ra tio n , v o r tic e s , and shocks. In  seme ccnputations
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th i s  can be p a rtic u la r ly  f r u s t r a t in g .  In  wind tu n n e l experim ents th e  
f lo w f ie ld  fe a tu re s  a re  i l l u s t r a t e d  by Schlieren photographs, smoke o r 
dye in jec tio n  technique and o i l  flow p a tte rn s . In  CFD, several analogous 
t e c h n i q u e s  c a n  b e  em p lo y ed  t o  p ro v id e  t h e  e q u iv a l e n t  "Flow 
V isualization" f a r  ccnputed re s u lts . These methods have proven valuable, 
p a r tic u la r ly  th a t  o f p a r t ic le  trac in g .
The technique o f  p a r t ic le  tra c in g  in v o lv es  fo llo w in g  th e  lo c a l  
ta n g e n t  th ro u g h  th e  v e c to r  f i e l d .  T his tech n iq u e  has h e lped  th e  
understanding o f th e  s tru c tu re s  o f calcu la ted  flows, and i t  mimics flow  
v isu a liza tio n  techniques used in  wind tunnels. I t  t e l l s  where th e  flu id  
i s  go ing . In  unsteady  flow , th e  p a r t i c l e  t r a c e  j u s t  d i s p l a y s  th e  
instantaneous stream lines.
5.3  Time S eries  Analysis
A la rg e  amount o f  tim e dependent data  i s  obtained in  th e  time 
domain while analyzing unsteady flow problem s. I t  i s  n o t f e a s ib le  and 
easy  t o  analyze these  data  in  th e  time domain. A c la s s ic  approach i s  to  
transform  these data  from th e  time dcmain to  th e  frequency domain, vising 
e i th e r  th e  f a s t  fo u r ie r  transforms o r th e  d isc re te  fo u rie r  transform s. 
For exanple, Fig. 5 .3  d isp la y s  th e  v o lta g e  o u tp u t tim e h is to r y  o f  a  
microphone recording th e  noise rad ia ted  by a  supersonic j e t  operating in  
an o ff  design condition. Such time h is to r ie s  a re  d i f f i c u l t  t o  analyze  
and a r e  n e a r ly  in c o m p re h e n s ib le . However, a lthough  th e  tim e  and 
frequency dcmain represen tations contain p rec ise ly  th e  same in fo rm atio n  
in  th e  sen se  t h a t  one may be recovered from th e  o ther Jay in teg ra tio n , 
th e  generation and p o te n tia l e ffe c ts  o f th e  s ig n a l  may be more e a s i ly  
understood  in  th e  frequency domain. For exanple, Fig. 5.3b shows the
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density  as a  function o f frequency, fa r  th e  time h is to r y  in  F ig . 5 .3 a . 
From th e  frequency draw in  perspective in  Fig. 5.3b, i t  can be seen th a t  
most o f th e  power in  th e  signal i s  concen tra ted  n ea r 5kHz. Because o f  
t h e i r  a b i l i t y  t o  e x t r a c t  in fo rm ation  from h ig h ly  v a r ia b le  records, 
spect r a l  a n a ly s is  tech n iq u es  a re  w idely a p p lied  in  f lu id  dynamics, 
acoustics and v ib ra tion .
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F ig .  5 .3 a  N o ise  r a d i a t i o n  by s u p e rso n ic  j e t
— Screech tone
F ig .  5 .3 b  Power s p e c t r a l  d e n s i ty  o f  n o is e  r a d i a t i o n
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Q »l*w  6 
KESdinS AND mSCQSSKN
The ccn p u ta tio n a l t e s t  c a se s  have been chosen ju d ic io u s ly  in  
o rd e r  to  reduce  th e  number o f  cases and s t i l l  be ab le  to  cover a l l  the  
flew s tru c tu re s  (viz. c lo sed ,tran s itio n a l, open) in  th e  c a v i ty  and th e  
th re e  speed regim es (v iz . subson ic , tra n s o n ic  and supersonic). Pour 
cases have been modeled and analyzed.
Case 1: S im ulation  o f  su p erso n ic  tu rbu len t flow over a  cavity  
with I/D = 6 .0  (deep cavity)
Case 2: S im ulation  o f  tra n s o n ic  tu rb u le n t  flow over a  cavity  
w ith I/D = 4.4 (deep cavity)
Case 3: S im ulation  o f  su p erso n ic  tu rbu len t flow over a  cavity  
with I/D = 1 6 .0  (shallow cavity)
Case 4: S im ulation  o f  subsonic  tu rb u le n t  flow o ver a cavity  
w ith I/D = 1 1 .7  ( tran s itio n a l cavity)
One o f  th e  reaso n s fo r  choosing these  t e s t  cases has been the  
a v a ila b il i ty  o f  experimental da ta . Also, i t  i s  in tended to  dem onstrate 
th e  c a p a b i l i ty  o f  th e  num erical scheme t o  model th e  complicated flew 
fea tu res o f th e  d iffe re n t cases in  d iffe re n t flew regimes.
The experim ental models fo r  the  four t e s t  cases included a long 
s p l i t t e r  p la te  ahead o f the  cav ity . In  th e  case  o f  su p erso n ic  flow , a 
boundary la y e r  s t r i p  was a p p lie d  to  th e  f l a t  p la te  le ad in g  edge to  
ensure fu lly  developed tu rbu len t flow on th e  p la te  surface a t  th e  cavity  
fro n t face. In  the  subsonic and transonic flew cases, the  boundary layer
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was a r t i f i c i a l ly  thickened vising a  heavy la y e r  o f  no. 60 g r i t  p laced  
2 .54cm . t o  61cm. a f t  o f  th e  lead in g  edge. In  o rd e r t o  compare th e  
ccnputational re s u lts  w ith the  experiments, a l l  th e  flow co n d itio n s  and 
geometry s iz e  have to  be matched. This in c lu d e s  th e  matching o f the  
incoming boundary lay er th ick n ess . An a l te r n a t iv e  t o  com pu ta tionally  
modeling th e  f u l l  length f l a t  p la te  flow ahead of th e  cav ity  flow, i s  to  
sim ulate th e  f l a t  p la te  flew by running a  boundary la y e r  code up to  a 
few inches upst r eam of th e  cav ity  l ip .  In  th i s  study th e  boundary layer 
code VGBIP, developed by H arris and Blanchard [65] has been used . The 
p r o f i l e  o b ta ined  has been used as the  inflow condition fo r  th e  cavity  
flow.
T ab le  6 .1  g iv e s  th e  u p s tream  flo w  co n d itio n s  and c a v ity  
sp ec ifica tio n s  chosen fo r  the  four t e s t  cases. Table 6.2 shows th e  g r id  
s iz e  used to  re p re se n t a f i e ld  s iz e  enclosing  each cav ity . Hie f ie ld  
dimensions and c a v ity  dim ensions a re  a lso  shown in  th e  x , Y, and Z 
d irec tio n s  fo r  the  t e s t  cases.
In th e  current study a c h a ra c te r is t ic  tim e t c  has been defin ed
fo r convenience, as the  time required fo r a f lu id  p a r t ic le  to  tra v e l the  
length of th e  cavity  tra v e llin g  a t  free  stream ve locity . H iis param eter 
i s  usefu l in  determining the  ccnputational time required to  g e t p ast the  
non-physical in i t ia l iz a t io n  o f  th e  flow in  th e  c c n p u ta tio n a l domain. 
S ince  a l l  th e  t e s t  cases considered exh ib it unsteady behavior, a global 
time step  has been used in  order to  mainta in  the  time accuracy, in  order 
to  s t a b i l i z e  the  in i t i a l  disturbances, the  time s tep  has been gradually 
increased by increasing th e  Ocurant number from 0.01 to  0.85. Table 6.3 
d isp la y s  th e  c h a r a c te r i s t i c  tim e, th e  number o f c h a ra c te r is tic  times
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each o f th e  case has been run, and th e  amount o f  CHJ (cen tra l processing 
un it) hours used fa r  each case.
The figu res i l lu s t r a t in g  th e se  cases  p re s e n t d i s t r ib u t io n s  o f 
mean su rfa c e  pressure and skin f r ic t io n  co effic ien ts  in side  th e  cavity . 
In  order to  shew th e  three-dimensional e ffe c ts , the  flow v a r ia b le s  have 
t o  be  p l o t t e d  a t  d i f f e r e n t  c ro s s  s e c t io n s . In  t h i s  s tu d y , th e se  
q u an titie s  have been p lo t te d  in  th e  stream w ise p lan e  and c ro s s  flow 
p la n e s .  F ig u re s  6 .1 a  and b , show a re p re s e n ta t iv e  diagram  o f  th e  
streamwise planes and th e  cross flow planes. Pressure, density , Mach and 
tem pera tu re  co n to u rs , v e lo c i ty  vectors o f various longitudinal planes 
a re  a lso  shown. Cross flow v e lo c ity  v e c to rs  a t  s e le c te d  c ro s s  flow 
planes a re  i l lu s tra te d .
The instan taneous s tream lin e  p lo ts  ( p a r t i c le  t ra c e s )  and th e  
l i m i t i n g  s t r e a m l in e  p l o t s ,  which mimic th e  o i l  flow  p a t te rn s  in  
experiments, are  a lso  shown. The lim iting  stream line p lo ts  on the  cavity  
flo o r have been obtained by lim iting  the  p a r tic le  tra ces  to  a  plane ju s t  
above the  flo o r. In  addition, to  demons t r a te  th e  tra n s ie n t nature o f the  
c a v ity  flow , tim e s e r ie s  analysis o f the  pressure h is to r ie s  a t  ce rta in  
key locations on th e  flo o r and l ip  are  displayed. The ccnputational runs 
have been lim ite d  to  se v e ra l tim e c h a r a c te r i s t i c s . T h is l im i t s  the  
amount of data c o lle c te d  from th e  p re ssu re  pickup p o in ts .  S ince th e  
t o t a l  tim e has been r es t r i cted, the  frequency in te rv a l in  th e  frequency 
domain i s  large in  ocsparisc n  with the  experiments. In  order t o  compare 
th e  compu ta t io n a l  r e s u l t s  w ith  th e  experiment, th e  cctputed pressure 
lev e ls  have been  corrected by su b tra c tin g  20 l ° g 1 0  (•* fcomp/ Afexp^ t o
account f a r  the  d isp a rity  in  the  frequency in te rv a ls  o f th e  ccnputaticns
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T in  K 
to ta l
Be/meter 
in  m illions
P in  Pa 







1 1.50 325.0 6.56 13708 .00127 .0635 .0051
2 0.90 320.0 5.35 24488 .24380 .2438 .0237
3 1.50 325.0 6.56 13708 .00127 .0635 .0051
4 0.58 301.5 5.02 36597 .09120 .2438 .0270
Table 6.2. Cavity dimensions and ccnputational grid  s ize
Case
No.
Grid Size F ie ld  Dimensions Cavity Dimensions
X Y Z X Y Z X Y Z
1 101 61 25 0.150 0.0614 0.05 0.0762 0.0013 0.0635
2 111 71 28 1.618 0.5440 0.194 1.0670 0.2438 0.2438
3 131 61 25 0.275 0.0614 0.050 0.2032 0.0013 0.0635
4 121 71 28 1.968 0.4412 0.194 1.0670 0.2438 0.2438
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Table 5.3. Ccnputational time requirements
Case
number
t c C haracteristic  
time in  m ill i  sec
number of t c
run
CPU hours
1 0.1690 15 11.34
2 3.5700 8.6 15.50
3 0.4400 11 29.20
4 5.4680 6 15.00


















































The d isc u ss io n  o f th e  re s u l ts  obtained fo r  th e  four t e s t  cases 
a re  presented in  th e  following sections.
6.1 Case 1: Supersonic Flew, Mach = 1.5, I / D  =  6.0
The e n tire  ve lo c ity  f ie ld  over th e  cav ity  c en te rlin e  i s  shown in
Fig. 6 .2 . Since th e  flow i s  time dependent, only a  ty p ic a l instantaneous
ve lo c ity  d is tr ib u tio n  i s  presented here ( t  =11.2) t o  re v e a l th e  b a s icc
fe a tu re s .  The most obvious fea tu re  i s  th a t  th e  shear lay er bridges the 
cav ity  opening as expected o f deep c a v i t ie s .  The f lo w f ie ld  w ith in  th e  
confined  c a v ity  i s  subson ic , except perhaps in  th e  region adjacent to  
th e  cav ity  opening. Experimental in v e s t ig a t io n  [23] a ls o  reco rded  an 
id e n t ic a l  observation. The orderly  development o f th e  shear lay e r above 
th e  c a v ity  i s  a ls o  e x h ib ite d . An a tta c h e d  tu rb u le n t  boundary la y e r  
upstream  o f  th e  cav ity  separates a t  the  fro n t face to  form a fre e  shear 
lay e r over th e  cav ity  and f in a lly  rea ttaches downstream o f  th e  c a v ity . 
TWo d is t in c t  v o rtice s  a re  seen w ithin th e  cav ity . The in te rac tio n  o f the  
shear layer w ith th e  re a r  face causes a  strong vortex s tru c tu re  c lose to  
t h e  r e a r  f a c e .  The v o r te x  s t r u c t u r e  c lo s e  t o  th e  f r o n t  face  i s  
re la tiv e ly  weak. In  addition to  th e  main v o rte x  s t r u c tu r e s , secondary 
c o m e r v o r t ic e s  a re  seen. Due to  the  sm aller magnitude o f th e  velocity  
components w ithin th e  cavity , a  magnified view of th e  v e lo c i ty  v e c to rs  
in  th e  f r o n t  and r e a r  fa c e  re g io n  a re  shown in  F ig . 6 .2b  and c , 
re s p e c tiv e ly . For c l a r i t y ,  on ly  every  o th e r  v e lo c i ty  p o in t  in  th e  
streamwise d irec tio n  has been p lo tte d  in  a l l  th e  v e lo c ity  vec to r p lo ts .
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In  o rd e r  to  dem onstrate th e  unsteady  and th re e -d im e n s io n a l 
b e h a v io r  o f  t h e  flo w , th e  v e lo c i ty  v e c to rs  w ith in  th e  c a v ity  a t  
d if fe re n t spanwise planes have been p lo tted  a t  two in s ta n ts  o f  t-imp ( t  =
C
11.2 and t  = 1 3 .2 ) . These v e lo c i ty  v e c to rs  a t  fo u r  spanwise planes,
moving frcm th e  plane o f symmetry towards the  s id ew a ll, (Z/W = 0.0357, 
0 .1785, 0.3214, and 0.4642) a re  shown in  Fig. 6 .3 . I t  i s  seen th a t  th e  
flew s tru c tu re  changes frcm one in s ta n t to  th e  next. In  ad d itio n  to  th e  
v a r ia t io n  w ith tim e, th e  spanwise v a ria tio n  i s  a lso  evident. The vortex 
s tru c tu re s  near th e  f r ont  and re a r  faces appear to  be warped as  th e  s ide  
w all i s  approached.
The instantaneous ( t  = 11.2) streamwise density  contours a t  fo u rc
spanwise planes (Z/W = 0.0357, 0.1785, 0.3214, and 0.4642) a re  displayed 
in  Fig. 6.4a. The v o rtic a l n a tu re  o f  th e  sh ea r la y e r  i s  ev id en t from 
these  contours. The value o f density  a t  the  fro n t face region i s  low and 
progressively  increases to  a  high value tow ards th e  r e a r  face  reg io n . 
The reason  f o r  th e  in c re a se  in  density  a t  th e  re a r  face region i s  th e  
in te rac tio n  o f th e  shear lay er w ith the  re a r  face and th e  ccnpressicn of 
th e  f lu id . This compression causes a  shock close to  th e  re a r  face in  th e  
freestream . Since th e  temperature w ithin th e  cav ity  i s  s l i g h t ly  h ig h e r 
th a n  th e  fre e s trea m  v a lu e , th e  density  changes from a low a t  th e  wall 
and increases progressively  towards the  cav ity  opening to  th e  freestream  
v a lu e .  In  a d d i t i o n  to  th e  v a r ia t io n  in  th e  stream w ise and normal 
d irec tio n , the  density  values decrease in  magnitude from th e  p lan e  o f  
symmetry tow ards th e  sidew all. The streamwise pressure and Mach number 
contours a re  shewn in  Figs. 6.4b and 6.4c respective ly . The same tre n d s  
observed in  th e  density  contours a re  seen in  the  pressure contours. The
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pressure centaurs ex h ib it th e  shock s tru c tu re  in  th e  f re e s tre am c lea rly . 
I t  i s  observed t h a t  th e  shock s tru c tu re  weakens in  magnitude frcm the 
plane o f symnetry towards th e  sidew all.
The p a r t i c l e  t r a c e s  o r  th e  in s tan tan eo u s  s tre am lin e  p lo ts ,  
generated w ith "numerical dye in jec tion" a t  d i f f e r e n t  v e r t i c a l  l in e s ,  
s t r e tc h in g  from th e  f lo o r  v e r t i c a l l y  up to  th e  shear lay er region i s  
d isplayed in  F ig . 6 .5 a . The flow  i s  from r ig h t  to  l e f t .  The th re e -  
d im ensional view o f  th e  instantaneous stream line w ithin th e  cav ity  are 
depicted here. The flew in side  th e  cav ity  consis ts  o f a  la rge  clockw ise 
r o ta t in g  v o rte x . C lose t o  th e  r e a r  fa c e , tow ards th e  s id ew a ll, the 
vortex s tru c tu re  sw irls  out o f th e  cav ity  opening. The three-dimensional 
v o rte x  s t r u c tu r e  by th e  f r o n t  face  i s  shown in  Fig. 6.5b. The th ree - 
dimensional s tru c tu re  o f th e  vortex a t  the  re a r  face region i s  rev ea led  
in  F ig . 6 .5 c . In  a d d itio n  to  th e  main v o rtice s , th e re  a re  secondary 
v o rtice s  a t  the  two com ers (side com ers) o f the  cav ity  flo o r . In  order 
to  g e t  a  c le a r  p ic tu re  o f th e  three-dimensional flow, p lanar s l ic e s  of 
Fig. 6.5a a re  displayed in  Fig. 6 .6 . This figure has been p re sen te d  to  
r e v e a l  th e  spanwise v a r ia t io n s  o f  t h i s  complex, th ree -d im en sio n a l 
v o r tic a l flew. Notice th a t  sane of th e  eddies captured w ith  th e  th re e -  
dimensional graphics have no t been captured by two-dimensional graphics, 
suggesting th a t  th e  flcw fie ld  i s  indeed th re e -d im e n sio n a l. The shear 
la y e r  in te r a c t s  w ith  the  re a r  face and forms a large vortex  s tru c tu re . 
The core o f th is  v o rte x  s h i f t s  downwards tow ards Z/W = 0 . 2  and then  
moves tow ards th e  cav ity  opening. The second vortex c lose  to  th e  f ront 
bulkhead a lso  changes i t s  shape and s iz e  in  the  spanwise d ire c t io n . The 
reason fo r th e  s h i f t  in  th e  vortex core towards th e  cav ity  opening maybe
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due to  the  presence o f cross flew v o rtices  and a lso  sheen: la y e r  in  th e  
spanwise d irec tio n .
The instantaneous velocity  vectors a t  four cross sec tiona l planes 
(X/L = 0.334, 0 .667, 0.887, 1.00) and two in s tan ts  o f time ( t  = 11.2,C
t c= 13.2) are  shown in  Fig. 6.7. I t  i s  seen th a t  th e  flow  s t r u c tu r e  i s
not only d iffe re n t a t  various cross sections but a lso  varying w ith time. 
The cross flew v e locity  vectors (a t t  = 11.2) a t  2 /3  d is ta n c e  from th e
f r o n t  fa c e , i . e .  a t  X/L = 0.67, show th e  flow on th e  SEP to  be towards 
th e  cavity  forming two counter  ro ta tin g  v o rtice s , a  clockwise v o rte x  a t  
th e  sh ea r la y e r  and a  coun ter clockwise vortex in side  th e  cav ity . The 
flew s tru c tu re  a t  t h i s  c ro ss  flow  p lan e  i s  s im ila r  a t  t c= 13 .2 . The
c ro ss  flow v e locity  vectors a t  tyL = 0.887, and t  = 11.2 show th e  f lu id
being entrained in to  th e  cavity  a t  Z/W = 0 .2 . This entrainment causes a 
a  la rg e  v o rte x  s tru c tu re  w ithin th e  cav ity  and mass i s  expelled a t  the  
sidew all. But a t  th is  cross flow plane a t  t c= 13.2, mass i s  entrained a t
a  d i f f e r e n t  Z/W plane, creating  two v o rtices , one c lose to  th e  sidewall 
and th e  o ther a t  the  cavity  opening. Velocity vectors o f th e  c ro s s  flow 
a t  th e  r e a r  face  o f  th e  cavity , i . e .  a t  X/L = 1 .0, show th e  flow above 
the  cavity  s p l i t t in g  in  opposite d ire c tio n s  a t  about Z/W = 0 .4 , where 
the  shear lay er i s  punping flew towards th e  la te r a l  outboard ( t  = 11.2).
w
The instantaneous lim iting  stream line p a tte rn  on th e  cav ity  flo o r
i s  displayed in  Fig. 6.8a. The flew d irec tio n  i s  front r ig h t to  l e f t .  The
lim iting  stream line p lo ts  do n o t in d ic a te  th e  d ir e c t io n  o f  th e  f lu id
p a r tic le s . In  order to  fu rther understand th e  d irec tio n  o f th e  drag, the
two ccnponents o f the  shear s t r e s s  on th e  c a v ity  f lo o r  (r and r )xz yz
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have been p lo tted  (Fig. 6.8b) a t  the  same in s ta n t o f tim e as  Fig. 6.8a. 
The ocntours o f Cf  d is tr ib u tio n  on th e  cav ity  f lo o r  a re  i l l u s t r a t e d  in
Fig. 6.8c. The flow d irec tio n  in  Figs. 6.8b and c i s  from l e f t  to  r ig h t. 
Die main flow in te ra c ts  a t  th e  r e a r  fa c e  and re a tta c h e s  on th e  f lo o r  
c lo se  to  th e  r e a r  fa c e . The rea ttached  flow moves in  th e  d irec tio n  o f 
th e  f r o n t  fa c e . Towards th e  m id d le  o f  th e  c a v i t y ,  t h e  l i m i t i n g  
s tre a m lin e s  converge on to  a  l in e  o f separation. There a re  several node 
and saddle po in ts. This i s  a  mixed instan taneous c lo se d  and open ty p e  
s e p a ra tio n . In  a d d itio n  to  th e  main s e p a ra tio n , th e re  a re  secondary 
closed separation on e ith e r  s id e . Due to  the  sw irling nature o f th e  flow 
w ith in  th e  c a v ity , th e  sep a ra tio n  lin e s  a re  curved. Towards th e  f ront 
face, th e  l im it in g  s tre a m lin e s  converge on to  a  l in e  o f  s e p a ra tio n , 
forming an open type separation. This correspond to  the  vortex s tru c tu re  
c lose to  th e  fron t face, in  th e  stream w ise d i r e c t io n .  T h is sep a ra te d  
flow  i s  seen to  r e a t ta c h  on th e  f lo o r  v ery  c lo se  t o  th e  f ront  face, 
wher e in th e  lim itin g  s tre am lin e s  d iv e rg e  from an im aginary l i n e .  In  
a d d itio n  to  th e  stream w ise reattachm ent, a  cross flow reattachment of 
th e  flew i s  seen c lose to  th e  sidew all near th e  f r ont face reg io n . Note 
t h a t  th e  ccnputational time steps are o f the  order o f a  microsecond and 
F ig s .6 .8a through c , a re  f o r  one i n s t a n t  o f  t im e . T h is  l i m i t i n g  
s tre am lin e  p a t te rn  changes w ith  tim e . The d i r e c t io n  o f  th e  flow is  
d isplayed by th e  sh e a r  s t r e s s  v e c to r s .  C lose to  th e  f r o n t  fa ce  th e  
v e lo c i ty  components a re  small, therefo re , th e  shear s tr e s s  vectors are  
sm all. Since the  shear layer in te ra c ts  w ith the  re a r  face, th e  magnitude 
o f  th e  v e lo c i ty  components a re  la rg e  and th e re fo re  th e  shear s tre s s  
vectors a re  considerably la rg e r in  comparison w ith  th o se  a t  th e  f ro n t
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face  re g io n . Due t o  th e  p resence  o f  low p re s su re  reg icn  towards th e  
sidew all, th e  f lu id  p a r tic le s  a re  drawn towards th e  sidew all. T herefo re  
th e  s h e a r  s t r e s s  v ec to rs  po in t in  th e  d irec tio n  o f th e  sidew all a t  th e  
re a r  face region. The magnitude o f  th e  s h e a r  s t r e s s  i s  shown in  F ig . 
6 .8 c . Due to  th e  com pression o f  th e  f l u i d  towards th e  re a r  face, th e  
magnitude o f  th e  shear s t r e s s  i s  higher in  th i s  region.
The mean p re s su re  c o e f f ic ie n t  d i s t r i b u t io n  a long  th e  cavity  
cen te rlin e  and sidew alls, obtained c c n p u ta tio n a lly  and ex p erim en ta lly  
[2 9 ] ,  a re  shown in  F ig s . 6 .9 a  th rough  6 .9 e . The s p e c i f ic  r e l a t iv e  
locations a re : f l a t  p la te  ahead of th e  cav ity  (FP1), f r o n t  fa c e  o f  th e  
c a v ity  (FF), f lo o r  (F), re a r  face (RF) and f l a t  p la te  downstream o f th e  
cav ity  (FP2). Shown in  Fig. 6 .9 f i s  th e  l a t e r a l  d i s t r i b u t io n  o f  Cp on
th e  r e a r  fa c e  a t  50% depth. In  general, good agreement i s  seen between 
the  conputed and experimental da ta . The pressure c o e f f ic ie n t s  over th e  
cav ity  flo o r i s  p o s itiv e  and re la tiv e ly  constant w ith th e  exception o f a 
small adverse pressure g rad ien t occuring ahead o f th e  re a r  face  th a t  i s  
a s s o c ia te d  w ith  th e  sh ea r la y e r  in te ra c t io n  a t  th e  ou te r edge o f th e  
re a r  face. The ccnputed values o f Cp on th e  r e a r  fa c e  a re  h ig h e r th an
th e  exp erim en ta l d a ta . A lso, th e  computed values o f Cp on th e  cavity
flo o r a re  s l ig h t ly  lower.
D iscrep an cies  in  th e  ccnputa tio n a l re s u lts  can be a ttr ib u te d  to  
th e  following reasons:
(1) use o f  a simple algebraic  turbulence model.
(2) coarseness o f th e  g rid s.
(3) in su ff ic ie n t averaging time.
(4) e x p lic i t  add ition  o f a r t i f i c i a l  damping.
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Although a  time se r ie s  animation o f such instantaneous stream line 
p lo ts  would be v e ry  h e lp fu l t o  understand  th e  p e r io d ic  shedding o f  
v o r t ic e s  and o s c i l l a t io n  o f th e  shear lay er, such a  movie has no t been 
made, due to  tim e and re so u rce  l im i ta t io n s .  In s te a d , a  tim e s e r ie s  
a n a ly s is  in  th e  frequency domain has been performed fa r  h is to r ie s  o f 
instantaneous pressures. The p re s su re  pickup has been lo c a te d  on th e  
f lo o r  o f  th e  c a v ity  a t  X/L = 0 . 6 7 ,  in  an a ttem p t t o  d e tec t th e  flow 
o s c i l la t io n s  sensed  by th e  f lo o r .  The d a ta  h as  been reco rded  every 
m icrosecond f o r  1.011 m illise c o n d s  (approximately s ix  c h a ra c te r is tic  
t i me s ) . lh e  pressure data have been converted in to  sound-pressure le v e l  
(SPL) in  decibels (dB). lh e  frequency dcmain has been p lo tted  up to  one 
megaHertz a t  increments o f 515 Hz and compared w ith  th e  experim en tal 
d a ta , a s  seen  in  F ig . 6.10. lh e  ccnputational bandwidth increment used 
has been very coarse. However, given add itional ocnput er  time, one could 
run  th e  code f o r  lo n g e r p e rio d s  o f  tim e to  obtain harmonic data  with 
such sm aller bandwidth increments (fo r f=10 Hz, data should be recorded 
f o r  59 tim e c h a r a c te r is t ic s  which would requ ire  approximately 43 hours 
o f CEU tim e). lh e  discrepancies in  th e  frequency modes may be a ttr ib u te d  
to  th e  lim ited  ccnpu ta tio n a l data and d isp a rity  in  th e  locations o f the  
pickup p o in t in  th e  experim en tal and c o m p u ta tio n a l r e s u l t s .  The 
fundam ental and second harmonics predicted  by th e  numerics oonpare well 
w ith those o f th e  experim ent [30] .  However, th e  com putation has n o t 
p r e d ic te d  th e  f re q u e n c y  v a lu e s  o f th e  t h i r d  and fo u r th  harmonic 
co rrec tly , lh e  ccnputa tio n a l and experimented, data suggest n o n -p e rio d ic  
o sc il la tio n s  which a re  ty p ica l fo r  high Reynolds rrusber flows.
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F i g .  6 .2 b  I n s t a n t a n e o u s  s t r e a m w i s e  v e l o c i t y  v e c t o r s  i n  t h e  f r o n t  
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Fig. 6 . 5 c  Instantaneous streamline pattern in the rear face region
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Fig. 6.9 Mean pressure coefficient distribution on the cavity centerline 
along the a) upstream flat plate (FPl), b) front face (FF), 
c) floor (F), d) rear face (RF), e) flat plate 2 (FP2), 
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6.2 Case 2: Transcnic Flow, lfech = 0 .9 , I/D  = 4 .4
The in s tan tan eo u s v e lo c ity  vectors ( t  = 8.6) a t  th re e  d if fe re n t
spanwise locations, (Z/W = 0.088, Z/W = 0.265, Z/W = 0.441) a re  shown in  
F ig . 6 .1 1 . The purpose o f  t h i s  f ig u re  i s  to  in d ica te  th e  progressive 
changes in  th e  ve lo c ity  f ie ld  n e a r  th e  r e a r  fa c e  a s  th e  s id e  w a ll i s  
a p p ro a ch e d . The v e lo c i ty  v e c to rs  c le a r ly  in d ic a te  a  s in g le  la rg e  
d is t in c t  vortex  s tru c tu re  w ith in  th e  cav ity . The o rgan ized  b eh av io r o f  
th e  sh ea r la y e r  i s  c le a r ly  seen  as i t  bridges th e  cav ity  opening. The 
shear layer in te ra c ts  a t  th e  re a r  face and causes a  reversed flow w ithin 
th e  c a v ity , r e s u l t in g  in  a s in g le  v o rte x . Eventhough, th i s  i s  a deep 
cav ity , a  s in g le  vortex i s  seen instead  o f two v o rtice s  as seen in  case  
1, because o f  a  sm a lle r  L/D r a t io .  The magnified view of th e  ve lo c ity  
vectors w ithin th e  cav ity  a t  th e  fro n t and r e a r  fa c e s  on th e  p lan e  o f  
symmetry, Z/W = 0.0 a re  shown in  Fig. 6.12 a  and b.
In  o rd e r  to  d e p ic t  th e  p h y sics  o f  mass e x p u ls io n  and m ass 
in g e s t io n , (which in tu m  causes th e  unsteady  behav io r) th e  density  
contours a t  two in s ta n ts  o f time and a t  th ree  spanwise planes have been 
d isp lay ed  in  Fig. 6.13a. At t  = 7.20, th e  density  contours c le a r ly  show
th a t  mass i s  be ing  e x p e lled  a t  th e  c a v i t y  r e a r  f a c e .  Due t o  th e  
e x p u ls io n  o f  m ass, th e  s h e a r  la y e r  i s  d e f le c te d  up. The flow i s  
compressed a s  seen in  th e  d e n s ity  co n to u rs , a s  i t  n e g o t ia te s  t h i s  
d e f le c t io n .  There i s  a  la rge  region o f separation  on th e  f l a t  p la te  2. 
This i s  caused by the  sharp com er a t  th e  r e a r  fa c e , which causes th e  
flow to  expand and s e p a ra te . A t th e  f r o n t  fa c e , th e  sh e a r  la y e r  i s  
deflected  dcwn in to  the  cav ity , causing th e  flew to  undergo expansion . 
At t  = 8 .6 , th e  d en s ity  contours shew th a t  th e  mass i s  being entrained
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in to  th e  c a v ity . Due to  th e  d e f le c t io n  o f  th e  sh ea r la y e r  in to  th e  
cav ity  a t  th e  re a r  face, th e  flow expands and then undergoes ccrp ression  
very c lose  to  th e  re a r  face. At th e  re a r  l ip ,  th e  flow has to  n e g o tia te
th e  90° tu r n ,  th e reb y  undergoing an expansion which i s  seen  in  the  
density  contours. At th e  fro n t face, th e  shear lay er i s  p a ra l le l  t o  th e  
f l a t  p l a t e .  T herefo re  th e  incoming flow does no t undergo any expansion 
o r  compression. This c lea rly  ind ica tes th e  tra n s ie n t nature o f th e  flow. 
Also, in  th e  upstream l ip  region of th e  cav ity , th e  a lte rn a tin g  sequence 
o f  ccnpression and expansion produced by th e  waviness o f th e  shear layer 
i s  evident.
The p re s su re  co n to u rs  a t  two in s ta n ts  o f tim e and a t  th r e e  
spanwise planes a re  displayed in  Fig. 6.13b. The inv isc id  portion  o f the  
flow field  ly ing  above th e  c a v ity  mouth i s  complex. U ndulation o f  th e  
sh e a r  la y e r  r e s u l t s  in  a  s e r ie s  o f ccrpression and expansion waves in  
th e  in v isc id  f ie ld . At t  = 7 .2 , a t  th e  front face, th e  flow  undergoes
an expansion because th e  shear lay er curves down. On the  o ther hand a t  
t c= 8 .6 , th e  shear lay er i s  p a ra lle l to  th e  f l a t  p la te .  T herefo re  th e
incoming flow does not undergo any expansion o r  ccrpression a t  th e  fron t 
face. Close to  th e  re a r  face a t  t c= 7 .6 , due to  upwards d e f le c t io n  o f
th e  sh e a r  la y e r ,  com pression waves a re  seen. At t c= 8 .6 , towards th e
re a r  face, th e  shear layer d e flec ts  down in to  th e  c a v ity , causing  th e  
flow  to  expand. Close to  th e  re a r  face, the  flow i s  compressed which i s  
evident from th e  increase in  pressure values. At th e  re a r  l ip ,  th e  flow 
expands form ing an expansion fan and the  value of pressure decreases. 
The Mach number and temperature contours are  shown in  Figs. 6.13 c  and d
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re s p e c tiv e ly . The value o f th e  Mach number w ithin the  cav ity  i s  seen to  
decrease slowly fran  th e  p lane o f  symmetry tow ards th e  s id e w a ll. The 
la rg e  reg io n  o f  s e p a ra tio n  on the  downstream f l a t  p la te  (FP2) i s  seen 
c le a r ly  on these  contours. The temperature w ithin th e  cav ity  i s  s lig h tly  
h ig h e r  th a n  th e  free s tream  v a lu e , because o f  th e  la rg e  reg io n  o f 
r e c i r c u la t io n .  A cross th e  sh ea r l a y e r ,  th e  v a lu e  o f  te m p e ra tu re  
d e c r e a s e s  t o  th e  f r e e  s tre a m  v a lu e . These con tours g iv e  a  c le a r  
ind ica tion  o f th e  tra n s ie n t nature o f th e  flow.
The instantaneous ( t  = 8.6) p a r tic le  tra c e s  lim ited  to  streamwise
planes a t  th ree  d iffe re n t spanwise lo c a tio n s  (Z/W = 0 .117, 0.294 and 
0.353) a re  d isp lay ed  in  F ig . 6 .14 . The d irec tio n  of th e  flow i s  from 
r ig h t to  l e f t .  The formation o f a  s in g le  la rg e  v o rte x  i s  e v id e n t from 
th e se  f ig u re s . As observed in  th e  previous case, th e  core o f th e  vortex 
s h i f ts  towards th e  cav ity  opening, moving from th e  p lan e  o f  symmetry 
tow ards th e  sidew all. At the  streamwise plane, Z/W = 0.353, a secondary 
reg io n  o f  rev e rsed  flow c lo se  to  th e  c a v ity  f lo o r  i s  v i s i b l e .  In  
a d d itio n  t o  th e  main v o rte x  s t r u c tu r e ,  secondary com er v o rtice s  are 
seen a t  th e  com ers.
A re p re se n ta tio n  of th e  flcw field  s tru c tu re  i s  provided in  Fig. 
6.15, which ind ica tes instantaneous ( tc= 8.6) cross flow ve lo c ity  vector
p l o t s  in  th e  c a v ity  a t  th re e  a x ia l  lo c a t io n s  (X/L = 0 .274, 0 .725, 
0.978). Notice th e  flow leaving the  cav ity  a t  th e  f i r s t  two c ro s s  flow 
p lan e  s e c t io n s , w h ile  th e  flow  i s  in to  th e  c a v ity  from th e  la te r a l  
outboard a t  th e  s e c tio n  c lo se  to  th e  r e a r  fa c e . A lso, v o r t i c e s  a re  
g e n e ra te d  and d is s ip a te d  a t  d i f f e r e n t  c ro ss  s e c tio n s . A much more 
ccuplicated  flow i s  evident in  th e  a f t  region of the  cavity .
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The in s tan tan eo u s  ( t  = 8.6) lim iting  stream line p a tte rn  cn th e
v
cav ity  f lo o r  i s  shown in  F ig . 6 .1 6 . The co rrespond ing  sh e a r  s t r e s s  
v e c to rs  and co n tou rs  on th e  cav ity  flo o r a re  shown in  Figs. 6.17a, b. 
Since th e  lim itin g  stream lines do not ind ica te  th e  flow  d ir e c t io n ,  th e  
sh ea r s t r e s s  v e c to rs  have been p lo t te d .  The sk in  f r ic t io n  p a tte rn  i s  
more organized in  th is  case in  ccopariscn w ith th e  previous c a se . C lose 
to  th e  f ro n t  face, th e  stream lines fran  opposite d irec tio n s  merge along 
a  separation l in e . This separation a t  th e  flo o r corresponds t o  th e  main 
v o r te x  s t r u c t u r e  e n g u lf in g  a  m ajor p o r tio n  o f  th e  c a v ity  in  th e  
stream w ise p la n e . C lose to  th e  s id e  w a ll, in  a d d itio n  to  th e  m ain 
s e p a ra tio n , a  secondary closed separation i s  v is ib le . This could be due 
to  th e  influence o f th e  s ide  w all causing th e  cross flow. This separated 
flow  re a tta c h e s  on th e  flo o r c lose to  the  re a r  face. In  add ition  to  the  
main vortex s tru c tu re s , secondary vo rtices  a re  seen a t  th e  com ers close 
to  th e  f r o n t  and r e a r  fa c e s . As observed in  th e  p rev io u s  case , the  
magnitude o f th e  shear s tre s s  on th e  f lo o r progressively  in c rease s  from 
a low v a lu e  a t  th e  fro n t face to  a  maximum close  to  th e  re a r  face, due 
to  the  f lu id  ccrpression and shear lay er in te rac tio n  a t  th e  re a r  face.
The mean stream w ise su rfa c e  p re ssu re  c o e ffic ien t d is tr ib u tio n  
along th e  cav ity  cen te rlin e  and tra n s v e rse  p lan es  a re  shown in  F ig s . 
6 .1 8 a  th ro u g h  j .  Good ag reem en ts  be tw een  th e  com putational and 
experimental [31] re s u lts  a re  seen cn the  f ro n t fa ce , f lo o r ,  r e a r  face  
and th e  downstream f l a t  p la te  o f the  cav ity . The Cp d is tr ib u tio n  cn the
fro n t face o f th e  cav ity  a re  shown in  F ig .6 .18b. The Cp d is t r ib u t io n
along  th e  f r o n t  face  in  th e  spanwise d irec tio n  a t  50% and 87.5% depth 
are  shewn in  Figs. 6.18c and d. The figures c lea rly  in d ica te  t h a t  th e re
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i s  n o t much o f  a  spanw ise v a r ia tio n  in  th e  Cp along th is  surface. The
pressure d is tr ib u tio n  cn th e  cavity  f lo o r along th e  cen te rlin e  Z/W = 0.0 
and Z/W = 0 .25 , a s  shown in  F ig s . 6 .18e and f ,  a re  in  good agreement 
w ith th e  experiment. The num erical r e s u l t s  seem to  be s l i g h t ly  over 
p re d ic t in g  th e  p re s su re  on th e  r e a r  face  towards th e  cav ity  f lo o r  as 
shewn in  Fig. 6 .l8g . The Cp d is trib u tio n s  cn th e  r e a r  fa ce  a t  25%, and
50% depth, respective ly  a re  shewn in  Figs. 6.18h and i .  On th i s  surface, 
th e re  i s  an in crease  in  p re s su re  tow ards th e  s id e  w a ll, because th e  
f lu id  i s  cctpressed as i t  reaches th e  re a r  face -  sidew all in te rsec tio n . 
D ifferences between th e  num erical s o lu tio n  and experim en tal d a ta  cure 
n o ta b le  on th e  re a r  face. This d ifference could be due to  the  f a c t  th a t  
th e  magnitude o f th e  fluc tua ting  p ressu res i s  g r e a te s t  in  t h i s  reg io n  
and thus a re  most sen s itiv e  to  numerical inaccuracy. Also, th e  ex ten t o f 
separation  has been s lig h tly  underpredicted on th e  a f t  s e c t io n  o f  th e  
f l a t  p la te  (FP2) as shown in  Fig. 6 .18j. This could be a ttr ib u te d  to  the  
re la tiv e ly  coarse mesh in  t h i s  s e c t io n . The d iscrep an cy  between th e  
com putation and experim en tal r e s u l t s  could a lso  be a ttr ib u te d  to  the  
reasons d e ta iled  in  case 1.
The frequency s p e c tra  a t  two locations on th e  cav ity  flo o r are  
shewn in  Fig. 6.19. Experimental r e s u l t s  were n o t a v a i la b le  f o r  t h i s  
c a se . A com parison, however i s  made w ith  th e  R o s s i te r 's  formula fo r 
p red ic ting  th e  frequencies, as shown:
m - y
£  + m
(6. 1)
where, m = 1, 2, 3 . . . . ,  y = 0.25 and K i s  a  c o n s ta n t = 0 .5 7 . The 
R o s s i te r 's  formula p red ic ts  the  fundamental, second and th ird  harmonics
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F ig .  6 .1 2 a  and b In s ta n ta n e o u s  v e lo c i ty  v e c to r s  on th e  p la n e  o f
symmetry a t  th e  f r o n t  and r e a r  fa c e  re g io n , 
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F i g .  6 . 1 3 b  I n s t a n t a n e o u s  p r e s s u r e  c o n t o u r s  a t  v a r i o u s  s p a n w i s e  p l a n e s
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F i g .  6 . 1 7 a  I n s t a n t a n e o u s  s h e a r  s t r e s s  v e c t o r s  ( t a u x z ,  t a u y z )  on t h e  
c a v i t y  f l o o r
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F i g .  6 .1 8  Mean p r e s s u r e  c o e f f i c i e n t  d i s t r i b u t i o n  on t h e  c a v i t y  c e n t e r l i
, a l o n g  t h e  a) f l a t  p l a t e  1 (F P 1 ) , b) f r o n t  f a c e  ( F F ) , sp a n w is e




























F i g .  6 . 1 8 e  and  f  Mean p r e s s u r e  c o e f f i c i e n t  d i s t r i b u t i o n  on t h e  c a v i t y  
f l o o r  a t  t h e  c e n t e r l i n e  (Z/W = 0 .0 )  and  Z/W = 0 .2 5
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t o  be f j=  78 Hz, f 2= 183 Hz, and  f 3= 312 Hz, r e s p e c t i v e l y .  The
fu n d am en ta l and  second harm onics computed h e re in  ag rees  w ith  th e  
R o ss ite r 's  p red iction , bu t th e  computation has fa ile d  to  c lea rly  p red ic t 
th e  th ird  harmonic accura te ly . The fa ilu re  to  p red ic t th e  th ir d  harmonic 
could be due to  the  smearing o f th e  data by th e  e x p l i c i t  damping added 
to  th e  scheme.
6.3 Case 3: Supersonic Flow, Ifach = 1.5, I/D = 16.0
The in s tan tan eo u s  ( t  = 9 .0 ) v e lo c ity  vectors a t  four spanwisec
locations (Z/W = 0.032 , 0.164, 0.295 and 0.4265) a re  d isp la y ed  in  F ig .
6 .2 0 . As in d ic a te d  in  th e  p rev ious c a se s , th e se  f ig u re s  se rv e  th e
purpose o f showing th e  v a ria tio n s  o f the  flow in  th e  spanwise d irec tio n .
As expected  o f shallow  c a v itie s , th e  shear layer has deflected  down to
impinge on th e  cav ity  flo o r, which in tum  creates two co u n te r r o ta t in g
v o r t ic e s  in s id e  th e  cav ity . The shape o f th e  vortex s tru c tu re  near  the
fro n t face v a rie s  from th e  symmetry p lan e  tow ards th e  s id e w a ll. The
an g le  a t  which th e  sh ea r la y e r  d e flec ts  in to  th e  cav ity  i s  seen to  be
steeper as th e  sidewall i s  approached. The vortex s tru c tu re  c lose to  the
r e a r  face  a ls o  shows v a r ia t io n  from th e  symmetry p lan e  tow ards the
sidew all. The vortex core s h if ts  i t s  location  as th e  sidew all i s  neared.
The ve lo c ity  vectors have been p lo tted  inside the  cav ity . Therefore, the
shock s tru c tu res  are  no t c lea rly  v is ib le .
The in s tan tan eo u s  ( t  = 9 .0) p ressu re , density  and Mach numberc
contours a t  four spanwise planes (Z/W = 0.032, 0.164, 0.295, 0.4265) are  
shown in  F ig s . 6.21a th rough  c ,  re sp ec tiv e ly . The f lu id  undergoes an 
expansion while n e g o tia tin g  th e  sharp  c o m er a t  th e  f r o n t  fa c e . The
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- p re s su re  contours show th e  expansion fan. Due to  th e  impingement o f the  
shear lay er on th e  cavity  f lo o r ,  th e  f lu id  p a r t i c l e s  a re  compressed, 
th e reb y  forming an impingement shock, as seen in  the  pressure contours. 
Due to  th e  adverse pressure gradient ahead o f th e  r e a r  fa c e , th e  sh ea r 
la y e r  d e f le c ts  ou t o f th e  cavity . An e x it  shock as seen in  th e  pressure 
contours, i s  caused due to  th e  com pression o f th e  f l u i d  c lo se  t o  th e  
r e a r  fa c e . At th e  re a r  face l ip ,  th e  flow expands a t  th e  com er forming 
an expansion fan a s  seen in  th e  con tou r p lo t s .  The d e n s ity  and Mach 
co n tou rs  show th e  same tre n d s  as  explained fo r the  pressure contours. 
From th e  density  contours, i t  i s  seen th a t  th e  rea ttachm ent p o in t  g e ts  
c lo s e r  t o  th e  f r o n t  fa c e , moving from th e  symmetry plane towards the  
s ide  w all.
The in stan taneous ( tc=9.0) stream lines o f th e  flow field  a t  four
sparwise planes (Z/W = 0.0302 , 0.164, 0.295 , 0.4265) a re  d isp lay ed  in  
F ig . 6 .2 2 . The flow d irec tio n  i s  from r ig h t to  l e f t .  The boundary layer 
separates a t  the  f ron t l i p  and forms a sh ea r la y e r .  T his sh ea r la y e r  
impinges on th e  c a v ity  flo o r. As observed in  th e  density  contours, the 
po in t o f reattachment g e ts  c lo s e r  to  th e  f r o n t  fa c e , moving from th e  
symmetry p lan e  tow ards th e  s id e  w a ll. The v o rte x  s tru c tu re  near the 
f ron t face va ries  in  shape and s ize  moving towards th e  side  v a i l .  Due to  
th e  adverse pressure g radien t ahead o f the  re a r  face, th e  shear lay er i s  
deflected  out o f th e  c a v ity . The se p a ra tio n  p o in t ahead o f  th e  r e a r  
fa c e , g e ts  c lo s e r  to  th e  r e a r  fa c e , moving from th e  symmetry plane 
towards th e  sidew all. The three-dim ensional s t r u c tu r e  o f  t h i s  complex 
c a v i ty  f lo w fie ld  i s  shown in  F ig . 6 .23 . The blow up o f th e  v o rtex  
s tru c tu re  near th e  fro n t face c lea rly  depicts th e  th re e -d im e n s io n a lity
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o f  th e  flow . The v o rte x  s t r u c tu r e  c lo se  to  th e  f r o n t  fa c e  shows a 
reduction  in  s iz e  from th e  symmetry p lane  tow ards th e  s id e w a ll, a s  
observed in  th e  tw o-dim ensional c ro s s  s e c t io n a l  p lo ts .  Due to  lower 
pressure w ithin th e  cav ity  near th e  fro n t face, th e  f lu id  i s  drawn in to  
th e  c a v ity  frcm th e  SFP region. This e ffe c t  i s  c le a r ly  depicted in  Fig. 
6.24. Although, th e  f lu id  p a r t i c l e s  d ep ic ted  by th e  yellow  and b lu e  
l i n e s  have  b een  in je c te d  on th e  s id e  f l a t  p l a t e  (SFP), th e  low er 
pressure th a t  e x is ts  w ithin  th e  cav ity  draws them in to  th e  c a v ity . The 
flow  n ea r the  three-dimensional com er o f RF, SW, and F, s p ira ls  upward 
and ge ts  ocnvected out o f th e  cav ity .
The cross flow v e lo c ity  vectors in  la te r a l  planes a t  X/L = 0.27, 
0.73 and 1.00, a re  displayed in  Fig. 6 .25 . Two c o u n te r  r o ta t in g  c ro ss  
flow v o r t ic e s  a re  observed in s id e  th is  h a lf  span cav ity , th a t  i s  four 
v o rtice s  are  predicted fo r  the  f u l l  c a v ity . The flow  above th e  c a v ity  
a ls o  c o n s is ts  o f  two la rg e  co u n te r r o ta t in g  v o r t i c e s ,  which develop 
a f te r  30% flo o r length frcm th e  f ron t  face. The l a t e r a l  flow  above th e  
r e a r  f l a t  p la te  (FP2) i s  frcm th e  la te r a l  outboard (SFP) region towards 
th e  cav ity  with s e p a ra tio n  and flow  r e v e r s a l .  The s e p a ra tio n  reg io n  
grows w ith  lo n g itu d in a l d is ta n c e  from th e  f r o n t  face . This computed 
c ro s s  flow s t r u c tu r e  q u a l i t a t iv e ly  a g re e s  w ith  t h e  v a p o r  s c re e n  
photographs o f Ref. 29.
The instantaneous lim itin g  stream line p a tte rn  on th e  cav ity  flo o r 
i s  shown in  F ig . 6 .26a . The lim itin g  stream line p a tte rn  on th e  cavity  
f lo o r  averaged over f iv e  tim e i n s t a n t s ,  s t r e t c h e d  o v e r  two tim e  
c h a r a c t e r i s t i c s  i s  d isp lay ed  in  F ig . 6 .26b. The d i r e c t io n  o f  th e  
freestream  flew i s  frcm r ig h t  to  l e f t .  There i s  a  s l i g h t  v a r ia t io n  in  
t h e  a v e r a g e d  f lo w  p a t t e r n  from  th e  in s ta n ta n e o u s  v a lu e .  The
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corresponding (in s tan tan eo u s) sh ea r s t r e s s  v e c to rs  and sh ea r s t r e s s  
con tou rs  a re  shown in  Figs. 6.27a and b , respectively . The flow p a tte rn  
i s  ccnplex and three-dim ensional. The d e ta i ls  o f th e  averaged  l im it in g  
s tre a m lin e s  w i l l  be  d iscu ssed  f i r s t  (F ig .6 .26b ). Close to  th e  f ront  
face, th e  stream lines show convergence in d ic a tin g  a  s e p a ra tio n  l in e .  
Further downstream, th e  stream lines diverge from an imaginary lin e . This 
corresponds to  flow reattachm ent in  th e  streamwise d i r e c t io n .  Near th e  
s id e  w a ll  th e  flo w  r e a t t a c h e s  a f t e r  c r o s s  flow  se p a ra tio n . The 
reattached flow tra v e ls  downstream and separates a t  a  d istance  from th e  
re a r  face. In  addition  to  th e  main separation, secondary separations are 
seen  c lo se  t o  th e  f r o n t  and r e a r  f a c e s .  T hese c o rre sp o n d  t o  th e  
secondary c o m e r v o r t ic e s . The averaged lim itin g  stream line p lo t (Fig. 
6.27b) shows the  convergence lin e s  c le a rly . In  addition , th e  closed type 
s e p a ra tio n  observed c lo se  to  th e  re a r  face, in  th e  instantaneous p lo t 
(Fig. 6.27a) has been smeared out in  th e  averaged p lo t. The shear s tre s s  
con tou rs  show th e  magnitude o f th e  shear s tre s s  vectors varying frcm a 
low value a t  the  fro n t face due to  flow separation, to  a  very high value 
(approximately 20 tim es i t s  low value) close to  th e  re a r  face due to  the  
adverse pressure g rad ien t in  th is  region.
The mean w a ll p re s su re  c o e f f ic ie n t  d i s t r ib u t io n s  a long  th e  
cen te rlin e  (Fig. 6.28) in d ic a te  low p re s su re s  on th e  f r o n t  face  (FF) 
owing to  th e  expansion , and increasing  pressures on th e  flo o r towards 
th e  re a r  face (RF). The computed values o f Cp on th e  c a v ity  f lo o r  have
been u n d e rp red ic ted  and overpredicted on th e  cav ity  re a r  face than the  
experimental data (Ref.29). This discrepancies can be a t tr ib u te d  to  th e  
same reasons given in  case 1. Mean Cp values on RF a re  understood b e tte r
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when th e  Figs. 6.28d and e  a re  observed together. Higher Cp values along
th e  c e n te r l in e  o f  RF drop towards th e  re a r  l ip  owing to  th e  expansion 
around th is  edge, The spanwise d is tr ib u tio n  o f Cp a t  h a lf -d e p th  on th e
RF shows an in c re a se  from low er values near th e  sidew all to  a  mayiwnm 
value a t  Z/W = 0 .3 . Then a  d ecrease  t o  a  minimum v a lu e  o f  Cp = 0 .6
occurs a t  th e  cen te rlin e . The am putation p red ic ts  t h i s  tren d  very well 
with th e  exception o f th e  maximum value on th e  cen te rlin e . I t  should  be 
n o te d  t h a t  t h e  m a g n itu d e  o f  p r e s s u r e  o s c i l l a t i o n s  o b ta in e d  
cccpu ta ticnally  i s  maximum a t  th e  re a r  fa c e . T herefo re  t h i s  reg io n  i s  
most s en s itiv e  to  cccputaticnal inaccuracy.
One p ressu re  p ick -u p  lo c a tio n  h as  been s e le c te d  a t  27% f lo o r  
le n g th  from th e  f r o n t  fa ce  t o  analyze  th e  flow o s c i l l a t i o n s  on th e  
cav ity  flo o r . Time h i s to r i e s  o f  p re s su re s  a t  t h i s  lo c a t io n  has been 
recorded fo r 0.95 m illiseconds (2.16 c h a ra c te r is tic  tim es), lim itin g  the  
time se r ie s  analysis  to  a  ra th e r  la rge  incremental frequency o f 1.05kHz. 
U n fo r tu n a te ly , th e  experim en tal d a ta  f o r  I/D  = 16 c a v ity  were n o t 
availab le , and th e  lo ca l extrema o f th e  c lo s e s t  d a ta  from R ef. 30 have 
been p lo t te d .  The r a t io n a le  behind t h i s  superim positicn  o f data fo r 
unmatched c a v itie s  and locations i s  an attem pt to  show th e  harmonics fo r  
va ry in g  I/D  c a v i t i e s .  For example, the  computed frequency spectrum of 
SPL fo r I/D  = 16 cav ity  a t  X/L = 0.27 and th e  experimental SPL frequency 
sp ec tru m  a t  X/L = 0.30 o f  I/D  = 24 c a v ity  a re  shown in  F ig . 6 .29 . 
Despite the  mismatch o f da ta , SPL magnitudes and trends agree. There a re  
no frequency modes t h a t  a re  ex cited  fo r  closed c a v it ie s , and s lig h tly  
more v a ria tio n s  in  th e  spectrum occur fo r  th e  tra n s itio n a l c a v ity . T his 
i s  a t t r ib u te d  to  th e  d e f le c t io n  o f th e  sh ea r la y e r  to  a tta ch  on the
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Fig. 6.21c Instantaneous Mach number contours at four spanwise planes 
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Fig. 6.23 Instantaneous streamlines displaying the three dimensional 
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f lo o r o f th e  cav ity . This p a r t ia l ly  superson ic  sh e a r  la y e r  b lo ck s th e  
way f o r  th e  feedback phenomenon, which causes flow induced c a v ity  
resonance between KF and FF. Acoustic feedback waves m ostly  p ropagate  
th ro u g h  th e  boundary la y e r s  o f  th e  s id e  w a ll and th e  f lo o r ,  which 
prolong th e  d istance  they need to  tra v e l. This causes th e  len g th  o f  th e  
cav ity  to  appear longer.
6.4 C a sa 4: Subsonic Flow, Mach = 0.58, 1 /D  =  11.7
In s tan tan eo u s  v e lo c i ty  vectors in  th e  streamwise plane a t  five  
spanwise locations (Z/W = 0.0, 0.1176, 0.2353 , 0.3529 and 0.4706) and a t
two in s ta n ts  o f  tim e ( t  = 5.2, and t  =6.0) a re  displayed in  Fig. 6.30.c c
For c la r i ty ,  vecto rs  a re  displayed a t  every a lte rn a te  g rid  p o in t in  th e  
streamwise d irec tio n . The purpose of th is  figu re  i s  no t only to  ind ica te  
th e  spanwise v a ria tio n  o f the  flow bu t a lso  th e  v a r ia t io n  in  tim e . The 
sh ea r la y e r  in  th e  f r o n t  h a l f  o f  th e  c a v ity  d isp la y s  a tendency to  
bridge th e  cav ity  opening. Halfway through th e  cav ity  opening, th e  shear 
l a y e r  d e f le c ts  in to  th e  c a v ity  tow ards th e  f lo o r .  The sh ea r la y e r  
gl45taches and th e  boundary layer grows from th e  p o in t  o f  rea ttach m en t 
towards th e  re a r  face. Due to  the  compression o f th e  f lu id  near th e  re a r  
face, th e  adverse pressure gradient causes th e  flow to  separate ahead of 
th e  r e a r  fa c e  and th e  shear lay er d e fle c ts  out o f th e  cav ity . In  doing
so, th e  flew negotia tes a  90° tu rn  and separates on th e  downstream f l a t  
p la te  (FP2). The v e lo c i ty  v e c to rs  show th a t  in  th e  fro n t h a lf  o f the  
c a v ity , th e  flow  resem bles an open c a v ity  flow and th e  r e a r  h a l f  
e x h ib i ts  th e  tre n d s  o f a  c lo sed  cav ity  flow. This explains th e  reason 
fo r c a ll in g  i t  a  tra n s itio n a l case. Hie shear layer a t  t_,= 6.0 d e f le c ts
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o u t o f  th e  c a v ity  fa r th e r  upst r eam in  ccnpariscn with th e  sane p lo t a t  
t _= 5 .2 . This ind ica tes  th a t  th e  adverse pressure g ra d ie n t in c re a se  in
magnitude a t  t c= 6 .0.
The in s tan tan eo u s  ( t  = 6) d e n s ity  and Mach co n to u rs  a t  f iv e
spanwise planes (Z/W = 0 .0, 0.1176, 0.2353 , 0.3529, 0.4706) a re  shown in  
F igs. 6.31a and b  re s p e c tiv e ly . The tre n d s  observed in  th e  v e lo c i ty  
p lo ts  a re  exhibited  here. The shear lay er i s  deflected  out o f th e  cavity  
a t  th e  r e a r  fa ce  and th e  flow  se p a ra te s  on th e  FP2. The se p a ra tio n  
re g io n  sh rin k s  in  s iz e  a s  th e  s id e  w a ll i s  approached. The density  
v a rie s  progressively  frcm a lew value near the  fro n t face and in c re a se s  
a s  th e  r e a r  fa c e  i s  approached because th e  flew i s  compressed a t  the  
re a r  face. The Mach number contours in d ica te , th e  v a lu e  o f Mach number 
decreasing frcm th e  plane o f symmetry towards th e  sidew all.
The in s tan tan eo u s  ( t c= 6) s tre am lin e  p lo ts  a t  f iv e  spanwise
lo c a t io n s  a re  i l l u s t r a t e d  in  Fig. 6.32. These p lo ts  c lea rly  show th a t  
th e  flow in  the  fro n t h a lf  o f th e  cav ity  resembles th a t  o f a  deep cavity  
flow . But th e  sh ea r layer impinges on th e  cav ity  flo o r a f te r  th e  f i r s t  
q u arte r length. Beyond the  po in t o f impingement, th e  flow p o r tra y s  th e  
shallow  c a v ity  tre n d s . The p o in t o f  reattachm ent moves c lo se r to  the  
fro n t face as th e  sidew all i s  approached. The presence o f th e  s id ew a ll 
influences th e  reattachment po in t due to  th e  crossflow. In  addition , the  
v o r te x  s t r u c tu r e  changes from th e  p l a n e  o f  sym m etry to w a rd s  th e  
sidew all.
A simple representation  o f th e  flcw fie ld  s tru c tu re  i s  provided by
F ig . 6 .33,  which in d ic a te s  in s tan tan eo u s  ( t  = 6) cross flow velocityc
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v e c to r  p lo ts  w ith in  th e  c a v ity  a t  fo u r  a x ia l  l o c a t io n s .  The m ost 
prom inent fe a tu re  observed in  th e se  f ig u re s  i s  th e  vortex  s tru c tu re  
which seem to  be caused by th e  c ro s s  flow  mass in g e s t io n  from th e  
la te r a l  outboard region fran  X/L = 0.274 to  0.725. This vortex  s tru c tu re  
seem to  hecve moved from th e  cav ity  cen te rlin e  towards th e  s id e  w a ll a t  
X/L = 0.725. A t X/L = 0.978, th e  p lan e  c lo se  t o  th e  re a r  face, th is  
vortex s tru c tu re  seem to  have d issipa ted  and th e  mass i s  be in g  e je c te d  
out o f th e  cav ity  due to  th e  existence o f th e  re a r  face.
The instantaneous lim itin g  stream line p a tte rn  on th e  cav ity  flo o r 
i s  shown in  F ig . 6 .34.  The corresponding  shear s tre s s  vecto rs  on the  
cav ity  f lo o r  a re  shown in  F ig . 6 .35a. C lose t o  th e  f r o n t  fa c e , th e  
stream lines from opposite d irec tio n s  converge on to  th e  separation  l in e . 
In  ad d itio n  t o  th e  main s e p a ra tio n , secondary c lo se d  s e p a ra tio n  i s  
v is ib le . This separated flow rea ttaches on the  cav ity  f lo o r indicated  by 
th e  reattachment l in e . Frcm th e  po in t o f reattachm ent th e  flow  rem ains 
a tta c h e d  to  th e  f lo o r  t i l l  i t  reaches the  re a r  face region. A crrp lex  
sep ara tion  p a t te rn  i s  observed. The flow  n o t only  s e p a ra te s  in  th e  
stream w ise d i r e c t io n  b u t a ls o  in  th e  c ro s s  flow  p lan e  c lo s e  to  the  
s id e w a ll. W ithin th e  main s e p a ra tio n , a secondary  h o rs e sh o e  ty p e  
separation s tru c tu re  i s  v is ib le .
The wall pressure co effic ien ts  along th e  c a v ity  c e n te r l in e  a re  
shown in  F ig . 6.36.  The Cp d is tr ib u tio n  on th e  cav ity  f ront  face (FF),
re a r  face (RF) and the  f l a t  p la te  portion  downstream o f th e  c a v ity  show
good agreement with th e  experimented [31] data. Figure 6.36c shows th e
l a t e r a l  d i s t r ib u t io n  o f  C on th e  r e a r  face  a t  50% d e p t h .  The C
P P
d is tr ib u tio n  has been crverpredicted by the  ccnputatian, in  cccparisan to
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th e  experimental data. Hie d is tr ib u tio n  along th e  f lo o r  a t  Z/W =0.0
and Z/W = 0.25 a re  shown in  F igs. 6.36e and f .  Hie re c irc u la tio n  zone 
n ea r th e  f r o n t  fa ce  has been u n d e rp re d ic te d  by th e  c o m p u ta tio n . 
N ev erth e le ss , th e  ca lcu la ted  re s u lts  ind ica te  s imilar  trend  to  th a t  o f 
th e  experiment. Hie discrepancies in  th e  re s u lts  could be a t t r ib u te d  to  
th e  coarseness o f  th e  mesh and th e  turbulence modeling.
Hie frequency spectra  cont r ibuting to  th e  overa ll sound p re s su re  
le v e l  a t  two positions along th e  cav ity  cen te rlin e , where data  has been 
recorded i s  displayed in  Fig. 6 .37.  Both th e  pickup p o in ts  have been 
lo c a te d  on th e  c a v ity  f lo o r  (X/L = 0.0375, 0 .5 1 ) .  From experimental 
o b se rv a tio n s  (Ref. 30) i t  i s  known t h a t  th e re  a r e  no s i g n i f i c a n t  
frequency modes th a t  a re  excited  fo r  closed c a v itie s , and s lig h tly  more 
va ria tio n s  in  th e  spectrum occur fo r  th e  t r a n s i t i o n a l  c a v ity . T his i s  
a t t r ib u te d  to  th e  d e flec tio n  o f th e  shear lay er to  a ttach  on th e  flo o r 
o f th e  cav ity , which p a r t ia l ly  p rev en ts  th e  feed  back mechanism from 
occuring. H iis fea tu re  i s  displayed in  the  ccnputaticnal p red ic tions, as 
shown in  Fig. 6.37.
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Fig. 6.31a Instantaneous (tc~ 6.0) density contours 
at various spanwise planes
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Fig. 6.31b Instantaneous (t = 6.0) Mach number contours 
at various spanwise planes
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C h a p te r 7  
a w o i s n x s  AND KBaXMBOKEHKS
A three-dimensional numerical model has been developed to  analyze 
th e  unsteady flow ch a rac te ris tic s  o f cav ity  flews. The v a l id i t y  o f  th e  
code has been te s t e d  by an alyz ing  tu rb u le n t  flow s p a s t  c a v i t ie s  of 
various length to  depth ra t io s  a t  d iffe re n t Mach numbers (M = 0 .5 8 , 0.9 
and 1 .5 ) .  Com putational s im u la tio n s  o f  th e  s e l f  induced o sc illa to ry  
flow s have been g en era ted  through  tim e a c c u ra te  s o l u t i o n s  o f  th e  
R eyno lds a v e ra g e d  f u l l  N av ie r-S to k es  e q u a tio n s . These governing 
equations have been solved by u s in g  th e  e x p l i c i t  MacCormack's f i n i t e  
d if fe re n c e  scheme. The Reynolds s tre sse s  have been modeled, using the  
Baldwin-Icmax algebraic model with ce r ta in  m odifications. Time averaged 
and  in s ta n ta n e o u s  r e s u l t s  have  been  o b ta in e d , b u t q u a n t i ta t iv e  
comparisons w ith  experim ental d a ta  have been made in  term s o f  mean 
s t a t i c  pressure and acoustic frequency spectra  w ith in  th e  cav ity . While, 
th e  mean s ta t i c  pressure on th e  cav ity  w alls obtained from com putations 
show good agreem ents w ith  th e  experim ented d a ta , th e  amplitudes have 
been overpredicted by th e  computations.
The computational scheme has shewn th e  c a p a b ility  to  resolve a l l  
th e  complex flow fea tu res. The e x p lic it  MacCormack's scheme used in  th e  
computations i s  b e s t su ited  fo r  complete v ec to riza tian . This fea tu re  has 
been very usefu l, because th e  computa tions have to  be performed fo r  long 
p e rio d s  o f tim e . W ithout v e c to r iz a tia n , th e  computational co sts  would 
have been exorb itan t. This i s  the  f i r s t  time an attem pt has been made to
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o b ta in  s o lu tio n s  o f  open, closed, and tra n s itio n a l cav ity  flows in  the  
subsonic, transon ic  and supersonic regimes.
Time a c c u ra te  im p l ic i t  schemes cou ld  be used to  model cavity  
flews. T heoretically , these schemes a re  u n c o n d itio n a lly  s ta b le -  This 
would h e lp  t o  overcome th e  re s tr ic t io n  on th e  time step  imposed by the  
e x p lic i t  schemes. However, in  order to  model th e  unsteady  behav io r o f 
th e  cav ity  flows, sm aller time step s  a re  needed, in  order to  resolve the  
frequency spec tra  accurately. Therefore, eventhough th e  im p lic it  scheme 
p e r m its  a  l a r g e r  tim e  s t e p ,  th e  p h y s ic s  o f  th e  f lo w  imposes a  
re s t r ic t io n  on th e  tim e step . In  order t o  m ain ta in  tim e accuracy , th e  
g lo b a l tim e  s te p  has to  be used . T h ere fo re , th e  tim e s te p  has been 
maintained constant a t  a  given time le v e l, bu t th e  CFL number has been 
varied  from 0 to  0.90, from one time s tep  to  another.
The computa tio n a l runs could be re s tr ic te d  t o  approxim ately  te n  
tim e c h a ra c te r is t ic s ,  because i t  has been observed th a t th e  mean s ta t ic  
pressure remains invarian t a f te r  about e ig h t time c h a r a c te r i s t i c s .  But 
in  o rd e r  to  resolve th e  frequency spectrum, th e  ccnputaticns need to  be 
prolonged. The experimented observations o f  th e  p re s su re  tim e h is to ry  
have  been  re c o rd e d  70 tim e c h a r a c te r i s t i c s ,  y ie ld in g  a frequency 
in te r v a l  o f  10 Hz. The com putational c o s t  would be p r o h ib i t iv e  to  
re s o lv e  th e  frequency spectrum  a t  a  10 Hz in te r v a l .  T herefo re , th e  
am putations have been re s tr ic te d  to  about 15 time c h a rac te ris tic s .
C o m p u ta tio n a l s im u la t io n  o f  c a v ity  flow s has c e r ta in  key 
importance. Parametric s tud ies on three-dimensional cav ity  flows can be 
conducted w ith  r e la t iv e  ease. The time dependent p ro p ertie s  as well as 
time averaged values can be obtained. In  a d d itio n , th e  flow  s t ru c tu re  
w ith in  th e  cav ity  can be v isualized  ccnputa tic n a lly .  This ccnputational
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cap ab ility  i s  meant to  complement th e  experim ental work in  o b ta in in g  
ccnplete understanding of th e  flow features w ithin th e  cav ity .
A two-dimensional analysis o f  th e  cav ity  flow y ie ld s  reasonab ly  
a c c u ra te  re s u l ts  o f  the  averaged pressure co effic ien ts  along th e  cavity  
cen te rlin e  [48, 49]. D isparity in  th e  frequencies predicted by th e  tw o- 
d im en s io n a l and th ree -d im en sio n a l a n a ly s is  has been observed. The 
resonant freq u en c ies  a re  u n d e rp red ic ted , and th e  am plitudes o f  th e  
harmonic frequencies a re  overpredicted, in  th e  two-dimensioned, analysis 
[51]. The p resence  o f  th e  s id ew a ll causes th e  flow fe a tu re s  t o  be 
a l te r e d ,  from t h a t  o f  th e  c e n te r l in e .  The flow fe a tu re s  a re  highly 
ccsrplex and unsteady. In  order to  o b ta in  a c le a r  p ic tu re  o f  th e  flow 
fe a tu re s  w ith in  a  cav ity , a three-dimensional analysis  i s  required. The 
two-dim ensional a n a ly s is  g iv es  a  q u a l i ta t iv e ly  a cc u ra te  r e s u l t s .  A 
th r e e -d im e n s io n a l  a n a ly s is  i s  n ecessary  to  o b ta in  q u a n t i ta t iv e ly  
accurate so lu tions.
The s im p le  a lg e b r a ic  tu r b u le n c e  model seem to  work w ith  
reasonable accuracy. A sophisticated  turbulent^ model, l ik e  th e  s t r e s s  
eq u atio n  modeling o r  n o n lin e a r com pressib le k -e  modeling would y ie ld  
b e tte r  re s u lts . But these  models would increase the  numerical run  tim e, 
because o f th e  a d d it io n a l  equations to  be solved. Since, cav ity  flews 
are  unsteady, th e  numerical code has to  be run fo r long periods o f time. 
The inclusion of additional equations in to  these  long runs, would re s u lt  
in  very high computational cost.
The understand ing  o f cav ity  flows i s  an important s tep  before an 
a ttem p t i s  made to  model s to re  s e p a r a t io n  c o m p u ta t io n a l ly .  T h is  
understanding helps in  enhancing th e  design o f banb-bays and doors.
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The re s u lts  fran  th e  present a n a ly s is  encourages one to  expand 
th e  t e s t  case m atrix and to  perform param etric s tu d ies  to  understand th e  
e f f e c t s  o f  v a ry in g  Mach number, R eynolds num ber, l e n g th ,  w id th , 
geometry, e tc .  A tu rb u len c e  model capab le  o f modeling unsteady flows 
could be used to  model th e  Reynolds s t r e s s .  In  o rd e r  t o  v is u a l iz e  th e  
unsteady nature o f th e  flow, a  motion p ic tu re  o f th e  flow behavior would 
be of immense help. However, th is  process i s  time consuming and warrants 
th e  processing o f excessive amounts o f time dependent da ta .
The e x p lic it  addition o f a r t i f i c i a l  v isco s ity  lias th e  tendency to  
smear o u t th e  instantaneous pressure values in  th e  cav ity  flo o r region. 
Therefore, a  time accurate numerical scheme th a t  i s  ro b u s t and capab le  
o f y ie ld in g  good r e s u l t s  without the  addition o f a r t i f i c i a l  v isco sity , 
would re s u lt  in  b e t te r  time dependent re s u lts . In  a d d it io n , c lu s te r in g  
th e  g r id s  near the  po in ts where the  instantaneous pressures a re  picked, 
could a lso  y ie ld  b e tte r  re su lts .
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